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In coal-fired power plants, pulverised coal is conveyed pneumatically to the burners through 
a system of pipes and undergoes complex particle-particle and air-particle interactions. 
Research on gas-solid flow has been directed mainly at spherical particles and in some cases 
to regular non-spherical particles. However, coal particles are irregularly shaped. 
Understanding the behaviour of real particles is necessary to develop effective modelling of 
complex gas-solid flow, control hazardous emissions, and for the pulverised coal plants to 
remain competitive. 
This research aimed to investigate experimentally the effect of particle shape on air-
particle flow fields. The dynamics of streams of free falling irregular particles was observed 
by means of Particle Image Velocimetry and Laser Doppler Anemometry. Glass crushed 
beads and glass spherical particles with mean diameters varying from 60 to 300 j.tm were 
employed in the measurements, yielding particle Reynolds numbers between 1 and 70. 
Results on the particle-particle interaction and air-particle interaction mechanisms have been 
attained for both dilute and dense particle streams. 
Significant differences between the behaviour of irregular particles and spherical 
particles have been found in terms of spatial velocity distribution, terminal velocity, 
fluctuation velocity and turbulent energy content of the gas phase. The velocity of the 
particles in the stream was higher than the predicted single particle velocity at the flow 
centreline and converged towards it at the stream edges in all experimental conditions. 
Irregular particles exhibited a velocity consistently lower than that of spherical particles and 
the stream of irregular particles was characterised by a larger radius. The velocity profile of 
the particle stream was load-dependent with the maximum velocity moving outwards from 
the stream centreline with increasing mass flow rate. The particle concentration was revealed 
to have an important effect on the velocity of the particle stream and the generation of 
turbulence. In the case of a dense particle stream, the turbulent energy content of the gas 
phase in the presence of irregular particles was significantly reduced than in the presence of 
spherical particles at both low and high frequencies. 
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Chapter 1. Introduction 
I Introduction 
Coal-fired power generation accounts for nearly 40% of the total electricity production 
worldwide (lEA, 2003). While coal use in some of the more developed countries remains 
static or is in decline, significant increases in coal-fired generation capacity are taking place 
in many of the developing nations and large capacity increases are planned. In some 
countries, such as China and India, coal-fired power plants generate as much as 50% of the 
total electricity. 
Global electricity demand is rising, particularly in the developing world, where 
population and economic growth are greater than in developed countries and where the rate 
of migration from rural to urban areas is significantly higher. Coal resources are far more 
abundant than other fossil fuel resources and extensive investments are being made in many 
parts of the world, also because power plants have a long working life. Developing and 
developed countries alike can be expected to continue using their abundant coal reserves. As 
a consequence, coal will remain an important source of energy for many years. 
Coal's on-going role underlines the importance of improving the efficiency of coal-fired 
power plants and minimising their environmental impacts, for both environmental and 
economic reasons. The combustion of coal produces water, fly ash and gaseous pollutants, 
including carbon dioxide (CO 2) gases, sulphur oxide (SO), and nitrous oxides (NO r). A 
range of technologies has been developed to improve the environmental performance of 
coal-fired power plants. Collectively, these systems are often referred to as Clean Coal 
Technologies (CCTs). A CCT is a technology that, in an economically viable manner, 
reduces plant emissions to enable the facility to meet or exceed any emissions standards in 
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force (for further information, see the website of the lEA Clean Coal Centre www.iea-
coal.org.uk). CCTs are becoming increasingly important, as they provide a means for coal-
fired plant to meet the requirements of the increasingly stringent environmental legislation 
applied in many countries. 
1.1 Coal-fired power plants 
A number of types of coal-fired power plant technology are currently deployed around the 
world. The world electricity generating market is dominated by pulverized fuel (PF) plants 
both in terms of number of plants and installed capacity. PF plants have been used for more 
than 60 years and remain the main form of coal-fired power generation. PF-fired stations are 
spread throughout the world in both developed and developing countries. 
Figure 1 shows the typical layout of a PF power plat. Coal is generally shipped by 
railcar from the mine to the power plants. Coals are classified in order to identify their end-
use, and to provide data useful in specifying and selecting burning and handling equipment. 
The coal is pulverised by crushing, impact and attrition of the coal to a very fine size. The 
primary air supply dries and transports the coal into the furnace. Typically, coal particle 
diameters are 50im, the air velocity is 20-25 m/s and particle Reynolds numbers are less 
than 100. The advantages of a pulverised coal furnace include its ability to bum all ranks of 
coal from anthracitic to lignitic. The flue gases produced during the combustion process are 
dissipated into the atmosphere through the stack. 
Typical PF plant is characterised by overall thermal efficiencies of some 36% (Lower 
Heating Value - LHV - basis), but in some developing nations this figure can be much 
lower. Plants with higher steam temperatures and pressures can attain up to around 45% and, 
as further developments take place, efficiencies of 50-55% may ultimately be achieved. 
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Newer, more efficient PF technology is particularly attractive option for replacing older 
plants and can be effective for significantly increasing a plant's efficiency, as well as 
reducing its environmental impact. 
Figure 1 Layout of a PF power plant (from lEA, 2003) 
1.2 Pneumatic conveyance and roping 
In a coal-fired power plant, pulverised coal is conveyed pneumatically from the mill to the 
burners. In large-scale power plants, a single conveying pipe is usually used to transport the 
coal powder to several burners. This allows the pressure loss in the conveying system to be 
kept to a minimum. A distributor is mounted on the main pipe to supply a number of smaller 
pipes leading to the individual burner with the coal particles and the conveying air. In order 
to guarantee that different burners are supplied with the same amount of coal dust, a 
homogenous coal dust and air mixture in the pipe cross-section in front of the distributor 
must be obtained. A non uniform coal powder distribution in the supply pipe before the 
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bifurcation can significantly affect the efficiency of the combustion process and the 
production of NO emissions. Even a relatively small percentage of efficiency lost can add 
up to a considerable amount of wasted fuel (Barnes et at., 1995). Moreover, the design rule 
for pneumatic conveyance in thermal power plants is that the air conveying velocity should 
exceed 20 m/s for a particle loading between 0.2 and 0.6 kg particles/ kg air. A lower air 
velocity could lead to significant energy savings. However, this is not possible with the 
current understanding of particle behaviour in pipes. 
The main phenomenon preventing an even feeding of coal to the burners is referred to 
as roping. As the mixture of air and pulverised coal encounters a bend or an anomaly of the 
conveying system geometry, pulverised coal particles form a rope-like structure due to 
inertial effects. Figure 2 shows the simulated evolution of the pulverised coal flow after 
bends of the conveying channels and the formation of coal particle clusters. In this 














Figure 2 Particle concentration distribution in various cross sections along the channel, with 
courtesy from Thomas Frank (http://www.imech.tu-chemnitz.de/mpf/mpf  numerik.html) 
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Figure 2 shows the particle concentration distribution in various cross sections along the 
channel. The simulation was carried out for an inlet air velocity of 25 m/s, particle diameter 
of 100 tm and particle density of 2620 kg/rn 3 . High particle concentrations caused by 
particle roping and phase separation can be seen after the bend where momentum carries the 
particles to the outside of the bend. 
Research on roping goes back to the 1950s, from the early experiments of Patterson 
(1959) to work of McCluskey (1989) and the more recent works of Huber and Sommerfeld 
(1998) and Yilmaz and Levi (2001). Despite the vast amount of literature available on this 
subject, the lack of understanding of the mutual interaction between gas and particles has 
prevented the development of comprehensive numerical modelling capable of predicting the 
behaviour of coal particles in conveying air. The bulk of research effort has been directed 
mainly at spherical particles and in some cases to regular non-spherical particles, due to the 
obvious advantages both in experimental and numerical studies (see Chapter 2 for empirical 
studies of spherical and non-spherical particles). However, coal particles are irregularly 
shaped and behave differently from spherical particles. Understanding the behaviour of real 
particles is necessary to ameliorate the development of numerical modelling of complex gas-
solid flow, to control hazardous emissions, and for the pulverised coal plants to remain 
competitive. 
1.3 On the behaviour of irregular particles in free-fall 
The scope of this study was to analyse the effect of particle shape on the interaction between 
particles and air at a particle Reynolds numbers Re<100, consistent with flow regimes in 
coal-fired power plants. The study aimed to investigate experimentally the behaviour of 
irregularly shaped particles and focused on the free-fall of streams of small particles in air. 
Figure 3 and Figure 4 best outline the scope of this work by showing PIV images of streams 
of irregular and spherical particles in free fall attained in this study. 
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Figure 3 Free falling stream of irregular 	Figure 4 Free falling stream of spherical 
particles 	 particles 
The importance of this work in the application of fuel supply to a coal-fired power station 
is evidenced by Figures 3 and 4, where it is clear that a stream of irregular particles 
exhibits a more inhomogeneous velocity distribution across the stream and thus has a 
greater tendency towards roping than that of spherical particles. A simple analysis of 
spherical particles is insufficient to satisfactorily model the gas solid flows in pulverised 
coal power plants. 
The objectives of the investigation were as follows: 
- 	to identify a geometrical parameter to characterise the irregular particles 
- 	to evaluate the terminal velocity profile of streams of irregular particles and 
compare it to the terminal velocity of spherical particles 
- 	to compile information on the spatial velocity maps of the whole flow field 
rem 
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- 	to compile information on the temporal behaviour of the local particle velocity and 
particle velocity fluctuation 
- 	to analyse the effect of mass flow rate and particle concentration on the velocity of 
the particle stream 
to investigate the effect of particle shape on turbulent energy content of the gas 
phase. 
1.4 Thesis outline 
The theoretical background of particle and air mixture is illustrated in Chapter 2, together 
with the literature review of research carried out throughout the world on related areas. 
Chapter 3 describes the particles used for the experiments. The probability distribution 
functions of main geometrical parameters are reported, including projected area diameter, 
Feret diameter, and major and minor axes. 
The experimental investigation of free-falling streams of particles was carried out by 
using two methods. The first one aimed at the study of the effects of particle shape on the 
spatial distribution of the particle velocity profiles and consisted of Particle Image 
Velocimetry measurements. The second method, Laser Doppler Anemometry, allowed 
the analysis of the effects of particle shape on the particle concentration in the free falling 
stream, and on the air turbulence generation. The two laser techniques employed and the 
experimental set-up used for the investigation are described in Chapter 4. 
The results of the experimental investigation are shown and discussed in Chapter 5 
and Chapter 6. Chapter 5 shows the particles velocity profiles attained for streams of 
irregular and spherical particles in free fall. The effects of particle shape on the particle 
concentration are also illustrated. Chapter 6 details the results attained on the effect of 
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particle shape on turbulence generation and the resulting turbulent energy spectra are 
shown. 
Chapter 7 concludes the thesis with a summary of results and points towards further 
work. 
1.12 
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2 Fundamentals of gas-solid flow 
Gas-solid flows are multiphase flows in which a gas, usually air, carries particles. A 
comprehensive understanding of the behaviour of particles in a fluid flow field has yet 
been attained. Only the motion of isolated spherical particles travelling at almost the same 
velocity as the fluid has been fully formulated. Otherwise, the nature of gas-particle flow 
has been ascertained empirically by means of experimental investigation and numerical 
modelling. 
The objective of this chapter is to introduce some basic definitions of gas-solid flow. 
The equation of motion of a single particle, as well as empirical correlations that are 
applied for the prediction of the flow dynamic behaviour are described. 
2.1 Introduction 
Multiphase flows consist of the simultaneous flow of matters with different phases, i.e. 
gas, liquid or solid. One of the two phases is considered continuous, whereas the other 
phase is considered to be dispersed within the continuous phase. 
The research study underpinning this contribution focuses only on gas-solid flows. 
In a gas-solid flow, solid particles are dispersed in a gas. The carrying gas, usually air, is 
referred to as continuous phase, whereas particles are referred to as the solid phase or the 
dispersed phase. 
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Often in gas-solid flows various particle-particle interactions, such as collisions and 
coalescence, can be neglected and the flow is referred to as dilute two-phase flow. 
Examples of such flows are pollutant spread from stack emissions, food processing, 
pneumatic transport of powdered material, pulverised coal combustion, cyclone 
separators and classifiers. Gas-solid flows are encountered in numerous engineering 
applications and can be found in the chemical, pharmaceutical, cement and power 
industry. In the majority of these applications, particles are neither spherical nor they 
present some isotropy in the shape to be considered non-spherical. It must be noticed that 
throughout this contribution the term non-spherical refers to particles whose shape do 
present some geometrical isotropy. Examples of non-spherical particles are cylinders, 
disks, cubes and ellipsoids. The term irregular refers to particles whose shape does not 
show any isotropy and is therefore arbitrary. 
The specific industrial application this research work refers to is the pneumatic 
conveyance of coal particles in coal-fired power plants. Coal particles are not spherical, 
nor does their shape present any isotropy, rather they are characterised by arbitrary 
shapes. The effect of particle shape on the particle dynamic behaviour can be very 
important for the accurate prediction of the particle velocity and trajectory. 
Understanding the particle interaction with the flow field requires the development of 
governing equations for the particle and fluid dynamics. The governing equations for a 
spherical particle in a fluid field are presented in section 2.2. The effect of shape on the 
behaviour of a particle in a flow field has been observed by previous studies. Section 2.2 
also describes the fluid motion of non-spherical particles. The motion of spherical 
particles is described in section 2.3. The scope of this contribution is to further the 
existing knowledge on the behaviour of irregular particles in free fall. The dynamic 
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properties of particles in free fall are discussed in section 2.4. The main properties used to 
characterise dispersed gas-solid flows are reported in section 2.5. Previous experimental 
work and the prediction of drag and terminal velocity of particles in free fall are described 
in section 2.6. Main approaches to the simulation of gas-solid flow are briefly illustrated 
in section 2.7. 
2.2 Governing equations 
Gas-solid flows have been investigated in several different configurations and the forces 
acting on a single particle have been identified (Clift et al., 1978). Particle motion is most 
influenced by fluid-particle interactions and particle collisions. The interaction between 
particles and the carrier fluid occurs at the particle surface where interfacial normal and 
tangential stresses produce a net force acting on the particle. A single rigid particle held 
stationary in a fluid flowing steadily at velocity U experiences both a shear stress and a 
normal stress (Seville et al., 1997). Forces acting on the particle are shown in Figure 5. 
"BUOYANCY 
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Figure 5 Forces acting on a single rigid particle 
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The normal stress is made up by two components: the stress resulting from the body 
forces, usually gravity, and the additional normal stress deriving from the fluid motion. 
The integral of the first component over the surface is the buoyancy force. The integral of 
the second component yields the hydrodynamic pressure force acting on the particle. The 
integral of the shear stress over the surface is the skin friction force. The components of 
all these forces that are parallel to the fluid velocity form the hydrodynamic drag FD on 
the particle. The drag FD corresponds to dissipation of mechanical energy within the fluid 
and comprises all the forces acting on a particle parallel to the fluid velocity. Any 
component normal to fluid velocity U is known as lift FL.  Drag and lift are the most 
important forces acting on a particle in a fluid field. 
2.3 Fluid motion of spherical particles 
The motion of a single solid particle consists of translation and rotation and is governed 




	 eq. 1 
Pdt 
Ix;x_=Tx,i 	 -'i) 	 eq. 2 
do) 
I,, ..L = 	 W ± (D 	(' - ') 	 eq. 3 
 dt 
JL.T. 	_i) 	 eq. 4 
dt 
Only translation is normally considered to describe the motion of a sphere, for its 
trajectory is not significantly altered by the sphere rotational motion for low Reynolds 
numbers. The general equation of motion for a single spherical particle is known as the 
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Basset (1888) - Boussinesq (1903) - Oseen (1927) equation (BBO equation) and is 
expressed as: 
d 





2 	40 d 	J 2 	J 	+ , 	J+m Pk 
eq. 5 
This equation applies only to very small particles, or very small relative velocity between 
the fluid and the particle, in non-uniform, steady flow. 
Since there is no universal theoretical solution available for the calculation of the 
forces acting on a particle in a fluid flow filed, it is necessary to proceed by applying 
dimensional analysis to empirical results (Seville et al., 1997). Let us consider the case of 
a single spherical particle of diameter d. Figure 6 shows the forces acting on the sphere. 
BuØn 
Figure 6 Forces acting on a falling sphere 
The main forces acting of the sphere are buoyancy FB,  viscous drag FD and gravity F. If 
the fluid is incompressible and Newtonian, FD depends on the fluid velocity u1 the fluid 
viscosity pf and density p, and on some characteristic dimension of the particle d: 
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FD=f1up_ufI, d, p Li] eq. 6 
The drag force FD depends on four parameters with three basic dimensions, i.e. mass, 
length and time, and can be expressed in terms of two dimensionless parameters. 
Conventionally those two parameters are the particle Reynolds number Re and the 
particle drag coefficient CD,  defined as: 
Re 	 eq.7 p = 
,L11 
CD — 	
FD - eq.8 
.J1A 
(- 
In equations 7 and 8,4, is the projected area of the particle, pj the fluid density and (Uj - 
ui,) is the relative or slip velocity between phases. The particle Reynolds number Re is 
essentially a dimensionless ratio of the inertial to viscous fluid forces in the vicinity of the 
particle surface. The drag force FD expressed in a dimensionless form becomes the drag 
coefficient CD: 
	
CD = f[Re] 
	
eq. 9 
Figure 7 shows the variation of the drag coefficient CD on a sphere with the particle 
Reynolds number Re (Morsi and Alexander, 1972). 
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Figure 7 Variation of drag coefficient with Re for a spherical particle 
For very small values of the particle Reynolds number, the viscous forces in the fluid near 
the particle dominate the fluid dynamics, the vorticity generated at the particle surface is 
diffused rather than convected downstream and no separation occurs. As shown Figure 7, 
the drag coefficient in inversely proportional to the Reynolds number. This type of flow 
is referred to as Stokes regime. The drag coefficient on a spherical particle in Stokes flow 
is given by the following equation (Stokes, 1851): 






Equations 10 and 11 are valid for very small Reynolds number, i.e. Re<0.5. Outside this 
range, inertial effects become increasingly important and empirical correlations are to be 
used to estimate CD.  For certain flow conditions, forces other than fluid drag may play an 
important role in particle motion. For example, the Magnus lift force is associated with 
the local shear flow about a particle as induced by its own rotation. Rubinow and Keller 
(196 1) determined this force to be equal to: 
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eq.12 
The Magnus lift force is generally significant only for flows with large, neutrally buoyant 
particles or for particles with large rotational velocities. The Safflnan lift force (Saffman, 
1965) is due to shear flow about a particle and is negligible for small particles in regions 
of weak shear. The local pressure gradient about a particle may also provide additional 
forcing. According to Tchen (1947), spherical particles in a fluid pressure gradient 
experience a force equal to: 
F. — — - d 
' 	ôx.6 
eq. 13 
where p is pressure. Tchen also recognized that particles experience an "added mass 
force" equal and opposite to the force required to accelerate the fluid displaced by the 
particle. Additionally, Tchen developed a formulation for the Basset history force which 
accounts for the increased viscous drag on spherical particles due to flow unsteadiness. 
Expressions for these forces can be found in Maxey and Riley (1983). 
For many gas-solid flows with small particles, the Magnus lift, Safftnan, and 
pressure gradient forces are very small when compared to the particle drag. The added 
mass force is also small because the particle density is very much larger than the fluid 
density. The Basset history force may or may not be significant in particle-laden flows. 
Since it involves the time rate of change of the slip velocity between the phases, particles 
which do not experience sudden and repeated changes in the slip velocity are not affected 
by this force. For oscillatory flows at high frequencies or flows with a high incidence of 
particle collisions, it may play a larger role. However, it is unlikely that the Basset history 
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force will be significant compared to the fluid drag force for most dilute particle-laden 
turbulent flows. 
For 0.5<Re<1000, the flow around the particle experiences a transition regime. 
Figure 8 shows the flow around a sphere. The flow begins to separate for Reynolds 
number above 24, to form a closed recirculatory wake, which becomes larger as the 
Reynolds number increases. The separation from the particle surface is initially 
symmetric. For Re>lOO, separation becomes unstable and periodic, and fluid is shed from 
the wake. For this non-linear regime several empirical correlations have been proposed to 
match experimental results (see Clift, 1978). 
1E! 7t r: 
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Figure 8 Development of the wake behind a sphere at different Reynolds numbers (from 
Taneda 1956) 
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The correlation proposed by Schiller and Naumann (1933) is often used to predict the 
drag coefficient of spherical particles for Reynolds number up to 800: 
24 
CD =__(1+0.15Re,687)=_ 
24  __fD 	 eq. 14 
Re 	 Re 
In equation 14, fD  is the drag factor and corresponds to the ratio of drag coefficient to the 
Stokes drag. This correlation yields a drag coefficient with less than 5% deviation from 
the standard drag coefficient (Clift et a!, 1978). 




= 	6 	Rep <1000 	 eq.15 
R 
The point at which separation occurs moves forward with increasing Reynolds number. 
For Re>1000, the separation point reaches a steady position, skin friction drag is 
negligible and form drag depends on the position of the flow separation. Since the wake 
structure and size vary very little, the drag coefficient remains almost constant. This 
regime is known as the Newton regime: 
CD z 0.44 	 eq.16 
At Reynolds numbers above 6000, the fluid layers that have detached from the particle 
surface become turbulent and the point at which this occurs approaches the particle 
surface as Re increases. These changes in the flow field do not immediately reflect in the 
drag coefficient until the fluid layers become turbulent very close to the particle surface 
and the point of separation moves towards the rear of the particle (Seville, 1997). This 
results in a decrease of the particle wake and a sharp drop in CD.  The transition occurs at 
Re 2.5 x 105.  In the super-critical region, i.e. Re > 4 x 105, the drag coefficient 
increases continuously. However this regime is not encountered in particulate flows. 
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Correlations to predict the drag coefficient of spherical particles suitable at higher 
Reynolds numbers have been proposed by. Clift and Gavin (1970): 
0.0175Re 	
~ 1000Re<3x iø 	eq.17 fD = 1 + 0.15 Re,687 
+ (i 	iO4 Re116) 
Another general expression of drag has been suggested by Brauer (197 1) as 
fD =1+ 0.167Re?,5+ 0.0167Re 	 Re<3 x i05 
	eq. 18 
2.3.1 Fluid motion of non-spherical particles 
In the majority of particle technology applications, particles are neither spherical nor non-
spherical, rather they have irregular shapes. However, most of the numerical models and 
computations rely on the assumption of particles being spherical. This is due to the fact 
that the consideration of the particle shape implies additional degrees of complexity in the 
numerical computation. The first complication arises from the ambiguity of defining a 
characteristic dimension for an irregular particle. A spherical particle is unequivocally 
defined by its diameter, whereas the appropriate length scale to describe an irregular 
particle is not always obvious and not always is practically measurable. A further 
difficulty is caused by the fact that drag on an irregular particle depends on its orientation. 
The calculation of irregular particle motion in fluids therefore requires the calculation of 
particle orientation and projection of the forces with regard to the relative motion. 
Moreover, the orientation of the particle may change according to the dynamic regime. In 
some Reynolds number range, an irregular particle may adopt a preferred orientation, 
whereas in other ranges it may maintain any orientation. 
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Figure 9 shows the relationship between drag CD and Reynolds number Re for non-
spherical and spherical particles. Empirical results have been drawn from Liebster (1927) 
and Schmiedel (1928) for spherical particles, Wieselsberger (1922) for spheres and 
cylinders having length L to diameter D ratio, or aspect ratio, LfD=5 and LID=oo, and 
Finn (1953) for cylinders having aspect ratio L/Dco. 
Although the cross-flow past a non-spherical particle shows similar features as the 
flow past a sphere, the Reynolds numbers at which the transition occurs for non-spherical 
particles are different. In the case of a cylinder, flow separation occurs at Re>5 the close 
recirculatory wake oscillates for Re>30 and wake shedding takes place for Re>40 
(Seville, 1997). For 70<Rep<2500, a Von Karman vortex street is established, whereby 
the wake sheds alternatively from the two sides of the cylinder to form a regular series of 
vortices alternating in their sense of rotation (Clift, 1978). 
A disk in a fluid flowing parallel to its axis experiences only form drag, for it has no 
surface area parallel to the direction of the flow. At very low Re p, the drag on a disk is 
lower than on a sphere and wake formation occurs at Re =1. Wakes oscillate at about 
Re= 100. Since the position of wake separation is fixed, for Re> 133 the drag coefficient 
is constant at CD=1.17  and critical transition does not take place at higher particle 
Reynolds numbers (Seville, 1997). 
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Figure 9 Drag coefficient as a function of Reynolds number for spherical and non-spherical 
particles. Figure after Rosendhal (2000) 
Particles of arbitrary shapes are usually compared with non-spherical particles. A 
simplified approach consists of using a shape factor and a modified drag coefficient for 
the prediction of non-spherical particle dynamic behaviour. Several authors have adopted 
such an approach and several correlations are available in the literature. A review of 
available correlations for the prediction of non-spherical particle dynamic behaviour is 
available in section 2.6. 
2.4 Free fall of particles 
The terminal velocity of a particle is the steady velocity a particle achieves in free fall 
when the fluid drag balances the immersed weight of the particle. For a falling spherical 
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particle having density Pp  and falling in a fluid of density pj so that p,,> pj, the terminal 
velocity is defined therefore by the following condition: 
,rd3 
FD 	—p)g =—-(pp  —p)g 	 eq. 19 
where v is the volume of the sphere and g the gravitational acceleration. 
In the Stokes regime Re <0.1, the terminal velocity of a spherical particles follows 
from equations 6 and 10: 
= " - p1)g 
l8p 
eq. 20 
In the Newton's regime 750 :5 Re < 3.4 x iø, the terminal velocity is expressed as: 
=1.731d_Pp  1gJ 
	
eq. 21 
The focus of particle technology in general and this contribution in particular lies in the 
intermediate regime characterised by Reynolds number 0. 1<Re<750. However, there is 
no explicit expression of the terminal velocity for this range. 
For a particle falling in a quiescent environment, the terminal velocity is given by: 
V 
fD 
	 eq. 22 
where ip is the particle relaxation time and fD  is the drag factor. In the Stokes flow, the 
terminal velocity of a sphere is given by the product g. In the intermediate range 
however V, is to be calculated iteratively. A way of estimating V, is by considering the 
product between drag factorfD and Reynolds number Re p : 
fD  Re p  = 
gr pd p 	 eq.23 
V 
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where v is the fluid kinematic viscosity. Figure 10 shows the relationship between the 
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Figure 10 Variation offjRe with Reynolds number (from Crowe et al., 1998) 
From Figure 10 it is possible to estimate Re and therefore the terminal velocity V, as: 
V =Re 
	 eq. 24 
p 
Another method to evaluate the terminal velocity V, consists of expressing the 
dimensionless drag relationship in terms of other dimensionless groups. Following this 
approach, it is usually preferred to use a dimensionless particle diameter d' and a 
dimensionless terminal velocity fry. These are defined as: 
	
!=d [ gpj(p - pi)] 	 eq.25 d=(CDRe2)3 	
p2 
I 	 I 
v • =I 	I 	v 
( 4  Re '\ 
[ 	
p 	- Re 	 eq. 26 
3 C,
= 
 ' gp(p - P1)] - 
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24.1 Free fall of non-spherical particles 
The resulting force on a particle of arbitrary shape is generally not parallel to the direction 
of motion. As a consequence a particle falls vertically without rotation only if it has 
certain symmetry. For solid particles with uniform density in creeping flow, i.e. Re<O. 1, 
it has been found (Happel and Brenner, 1973) that spherically isotropic particles', such as 
tetrahedra, fall vertically without rotation and the settling terminal velocity is independent 
of orientation. Axisymmetric particles 2, such as ellipsoids and cones, fall vertically 
without rotating if the axis is vertical, whilst orthotropic 3 particles, such as cylinders, 
disks and parallelepipeds, have no preferred orientation and always fall without rotation. 
2.5 Properties of dispersed gas-solid flows 
Dispersed two-phase flows can be characterised by using different properties. The ability 
of a particle to follow a sudden velocity change in the flow is usually expressed in terms 
of the particle relaxation time or response time rp. The equation of motion in terms of 
drag force only is: 
" du d
2 
at 	2 4 
PCDJUPKJUP) 	
eq.27 
Dividing by the particle mass and introducing the particle Reynolds number, equation 18 
yields: 
Spherically isotropic particles comprise regular polyhedra and all shapes obtained by 
symmetrically smoothing or cutting pieces from these bodies. 
2  Axisymmetric particles are bodies generated by rotating a closed curve around an axis. 
Axisymmetric particles are usually described by the aspect ratio, defined by the ratio of length 
projected on the axis of symmetry to the maximum diameter normal to the axis. 
Orthotropic particles are particles with three mutually perpendicular planes of symmetry. 
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du P 18PJCDRep 	 _ up 	 eq.28 
at pp d 	24 





wherefD is the drag factor fD = 
CD Re 
24 
The equation of motion for a constant fluid velocity u1 and an initial particle velocity 
uj,, of zero is: 
up =ui [i_ex 1__LV 	 eq. 30 
Tp )] 
Hence, the particle response time is the time required for a particle released with zero 
velocity into a flow to reach 63.2% of the free stream velocity u1. 
The particle response time is used to define the Stokes number. This is the ratio of 





For very small values of S,, i.e. S, <<1, a particle has copious time to respond to changes 
in the flow velocity. The particle and the flow velocities are very similar and the flow 
reaches velocity equilibrium. For very large values of S, i.e. S,>>l, there is no time for 
the particle to adjust to the fluid velocity changes and the particle velocity will be affected 
only slightly. 
The ratio q'of the particle velocity u,, to the fluid velocity u1 can be expressed in terms of 
Stokes number by using constant lag solution (Crowe et al., 1998), in which it is assumed 
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that the P varies slowly with time. Introducing the ratio ' in the equation of motion 
yields: 
du = .!L.(i_.p) 
dt rp 
eq. 32 
The fluid acceleration 
du 
can be approximated by the ratio -u--. Substituting in equation 
dt 	 Tf 




	 eq. 33 
Another important property of a two-phase flow is the particle concentration in the 
continuous phase. The particle concentration can be expressed in different ways, for 
example in terms of the volume of the dispersed flow, its mass or the number of particles 
contained in the measurement volume. A parameter based on the phases' volume is the 
volume fraction. The volume fraction is the ratio of particle volume to total volume of the 
Ir 
flow. If Ni is the number of particles and v, = 	is the particle volume of the 
particle with diameter d,,,, the volume fraction of the dispersed phase is the volume 
occupied by the particles in a unit volume v: 
N. VP,, 
a= 	 eq.34 
V 
Since the sum of the volume fraction of the dispersed phase and the volume fraction of 
the continuous phase must be unity, the volume fraction of the continuous phase is: 
a1 = 1— a,, 	 eq. 35 
The bulk density of the dispersed phase is the mass of the dispersed phase per unit volume 
of the mixture: 
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Pb,p 	 eq. 36 
The bulk density of the continuous phase is given by: 
Pb,f = (i_ a)pj 	 eq. 37 
The sum of both bulk densities is known as the mixture density: 
Pm = Pb,p + Pb,! = (i—a)pj + aP pP 	 eq. 38 
The particle concentration is often expressed in terms of the number of particles per unit 
volume. This parameter is known as the number density: 
n 
p 
	 eq. 39 
The concentration of the dispersed phase can also be expressed in terms of mass. The 
mass loading is defined as the mass flux of the dispersed phase to that of the fluid: 
m 
1 = 
	 eq. 40 
m 1 
This parameter is distinct from the particle volume fraction since particles often have 
material densities far in excess of the carrier fluid. The particle mass loading is an 
indicator of the distribution of mass and momentum between the phases. 
The distance between particles can be estimated by the inter-particle spacing. This is 
the distance between the centres of two particles and can only be determined for regular 
arrangements such as the one shown in Figure 11. 
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1 
Figure 11 Inter-particle spacing 
The elements in 
Figure 11 are enclosed in cubes with side 1, which also the distance between the centres 





The inter-particle spacing is defined as: 
L 	
eq.42 
Particles are in contact when the volume fraction of the dispersed phase equals m/6. For 
this limit case, and for very low values of inter-particle spacing, the particles are too close 
to each other and cannot be treated as isolated. Two-phase flows are classified according 
to the particle volume fraction or the inter-particle spacing into dilute and dense flows. A 
two-phase flow is considered dilute when the influence of the particle phase on the fluid 
flow may be neglected. Thus the particle motion is controlled by the fluid forces, i.e. drag 
-28- 
Chapter 2. Fundamentals ofgas-solidflow 
and lift. A dilute flow is characterised by a volume fraction less or equal to iO 3 . This 
regime is know as one-way coupling for 
10-8  <(xp<4x  1 6,  since one phase affect the other 
while there is no reverse effect, and two way coupling for 4x 10-6 < % < 4x 
10-3  ,  as there is 
a mutual effect between the two phases. Dilute and dense gas-solid flows can be 
differentiated also in terms of volume fraction a. The different regimes as a function of 
the particle volume fraction and inter-particle spacing are shown in Figure 12 in the case 
of large density difference between the two phases. 
Inter-particle spacing lid 
400 	100 	 10 
IE-8 IE-7 IE-6 IE-5 IE-4 IE-3 0.01 	0.1 
Volume fraction a,, 
Figure 12 Flow regimes as a function of particle volume fraction and inter-particle spacing 
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Figure 13 Particle-particle collision 
A dilute flow is characterised by a volume fraction less or equal to iO 3 . For higher volume 
fractions, the flow is considered dense. The effect of particles on the fluid flow becomes 
significant, and the particle motion is controlled.by  collision. This regime is referred to as 
four-way coupling. 
A qualitative estimate of the dilute or dense nature of the flow can be made by 
considering the ratio of the particle response time i, to the time between collisions i. To 
estimate z, consider a group of particles with uniform diameter d as shown in Figure 13. In 
a time interval St, a particle travelling with a relative velocity Ur  with respect to other 
particles intercepts all the particle in a cylinder with radius 2d and length UrSt. If ni,, is the 
particle number density, the number of particles contained in this cylinder is: 
67V = flp7rdp2UrbI 	 eq. 43 
The collision frequency and the time between collisions are defined as: 
fc = flp7Z•dUr 	 eq. 44 
1 	1 eq.45 
fc 'p ';'r 
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Thus the ratio of the particle response time to the time between collisions is: 
= fl p 7Z-PpdUr = Pb,pdpUr 	
eq. 46 
TC 	18flf 	3/1f 




Approximating the bulk density of the particles p, by the product of the mass loading i  and 




It has been shown (Sommerfeld, 1994) that, by relating the particle relative velocity Ur to the 
standard deviation of the particle fluctuation velocity a and assuming a normal distribution 
of the particle number density with particle velocity, the particle diameter corresponding to a 




2.6 Empirical data on spherical and non-spherical 
particles 
Most of what is known about the dynamic behaviour of spherical and non-spherical particles 
in particle-laden flows comes from a number of experimental studies and numerical 
simulations. Recent advances in non-invasive experimental techniques such as Particle 
Image Velocimetry and Laser Doppler Anemometry have allowed direct measurement of 
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dynamic parameters in particulate flows. Direct numerical simulation (DNS) is also a useful 
tool for understanding turbulence mechanisms. However, the understanding of real 
irregularly shaped particles in gas-solid flows is still limited, even in relatively simple 
configurations such as free-fall of particle streams in a quiescent environment. Due to the 
additional degree of difficulty in computational calculations, current computational resources 
are inadequate for complete resolution of the interaction of irregular particles in a particle-
laden flow. While a comprehensive review of all particle-laden research is beyond the scope 
of this thesis, the major findings in the field to date are summarised in the following 
paragraphs. Only studies of particle-laden flows, which are highly relevant to this research 
contribution, will be discussed in detail. 
2.6.1 Previous experimental work 
The dynamic behaviour of a particle-laden flow in a given configuration can be described by 
the velocity of the dispersed flow and the drag coefficient encountered by the dispersed 
phase in moving in the fluid. Several experimental works have been carried out in order to 
determine the drag coefficient and/or the velocity of particles in a gas-solid flow. The bulk of 
research effort has been directed mainly at spherical particles and in some cases to isotropic 
non-spherical particles, due to the obvious advantages both in experimental and numerical 
studies. Studies have been carried out for flow over spheres (Liebster 1927), cylinders 
(Wieseisberger 1923, Finn 1953), and flat plates (Jones and Knudsen, 1961). 
Experimental data on sphere were compiled by Liebster (1927) in the Reynolds number 
range 0.1 <Re< 10. His results were in agreement with those predicted by Stokes, Oseen and 
Goldstein in the respective regimes. 
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Wieseisberger (1922) studied the drag on cylinders having Reynolds number between 5 and 
70. His results showed a poor agreement with predictions of Tomotika and Aoi (1950). 
Finn (1953) measured the drag coefficient on an infinite cylinder at Reynolds number 
from 0.06 to 6. The experimental technique used by Finn was similar to that used earlier by 
Wieselsberger (1922). A fine wire with a weight attached to its lower end was suspended as 
a pendulum in a uniform stream of air. The drag force was calculated from the measured 
deflection of the pendulum and varied from 80 to 5. The results confirmed the theoretical 
equation proposed by Lamb (1932) and Tomotika and Aoi (1950) 
More free settling rate data have been collected for spherical bodies, octahedrons, cube 
octahedrons, and tetrahedrons (Chowdury and Frotz 1955, Pettyjohn and Christiansen 1948). 
Data and useful correlation for laminar free fall of various cylinder and rectangular 
parallelepipeds have been reported by Heiss and Coull (1952). Additional results for non-
isometric particles in both laminar and transitional flow conditions have been reported. In the 
case of turbulent flow, free settling data for non-isometric particles are those reported by 
Duplieh (1949) for plates and three-dimensional shapes in air and water, and by Willmarth et 
al. (1964) for disks. Drag data on thin free-falling disks have been compiled by Schmiedel 
(1928), and Squires and Squires (1937). 
Drag coefficient for cylinders and flat plates were determined at very low Reynolds 
number by Jones and Knudsen (1961). The diameter of the cylindrical particles varied from 
0.25 to 1 inch (6 to 25mm). The flat plates were characterised by longest side between 8 and 
1 inches (200 to 25mm) and shortest side between 1 and 2 inches (25 to 50mm). The drag 
coefficient was calculated from the force required to move the immersed body through 
heavy-duty oil. Data were analysed by a leat-squares method with the assumption that the 
data could be expressed in the form CD=C/Re. The coefficient C was determined for each 
case investigated. 
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Free settling rates for cylinders, prisms, disks and spheres in water and air at Reynolds 
number as low as 300 and as high as 300,000 were compiled by Christiansen and Barker 
(1965). The particle diameter varied between 1.1 and 5.4 cm whereas the particle sphericity 4 
varied from 0.67 to 0.9. The authors noted that at this high Reynolds numbers, prisms rotated 
along their long axis and descended along a non-vertical and frequently helical path. 
Cylinders fell like prisms except at higher Reynolds number where thy oscillated about the 
centre of gravity. However the deviation from the vertical path was less than in the prisms 
and spin was no observed. Isometric particles rotated and fell along a helical path. The 
authors proposed a correlation for the prediction of the drag coefficient based on the ratio of 
minimum particle diameter to the maximum particle diameter. 
More recently, experiments have been performed by McKay et al. (1988) for disks and 
cylinders, Sharma and Chhabra (1991) for cones, Lasso and Widman (1986) for hollow 
cylinders, Hartman et al. (1994) for limestone and lime glass spheres, and Chhabra et al. 
(1996) for disks and square plates. 
Hartman et al. (1994) measured experimentally the terminal velocity of crushed 
particles of limestone (p='2600 kglm 3) and lime particles (p,1600 kg/m 3). They used five 
different ranges of particle size for each particle type with mean particle diameter varying 
from 112 to 565 pm. Examinations with an optical microscope indicated that the 
experimental particles were near-isometric. Particle sphericity was determined by a 
procedure based on pressure drop measurements. Average sphericity values were found to be 
0.55 for limestone particles and 0.78 for lime particles. The measured particle velocity and 
drag coefficient for limestone particles varied from 0.4 to 2.57 m/s and between 19.31 and 
2.28 respectively. Similar velocities were observed in the case of lime particles but the drag 
' Sphericity is defined as the ratio of the surface area of a sphere having the same diameter to the 
actual particle to the surface area of the particle 
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coefficient varied between 11.78 and 1.75. The authors used the experimental data together 
with other data on free fall available in the literature to develop a correlation for the direct 
computation of the size of single, isometric, non-spherical particle (see section 2.6.2). 
The studies revisited so far focus on the behaviour of either an immersed body in a flow 
field or on a single free falling particle. Most industrial applications are concerned with 
cluster particle-laden flows where a multitude of particle is present and particle-particle 
interaction plays a major role. Wu and Manasseh (1998) studied the particle-particle 
interaction in fluid flows in the motion of two spherical particles settling in close proximity 
under gravity and with particle Reynolds number ranging from 0.01 to 2000. It was observed 
that particles repelled each other for Re>0. 1 and that the separation distance of settling 
particles was dependent on the Reynolds number. The orientation preference was found to be 
Reynolds number dependent too. At higher Reynolds number the line connecting the particle 
centres is always horizontal, whereas at lower Reynolds number the particle centreline tends 
to tilt to an arbitrary angle and a side migration was found to exist. A linear theory was 
developed and the migration velocity was estimated to be approximately 6% of the vertical 
settling velocity. 
The development of accurate and non-intrusive laser techniques has made possible to 
investigate the behaviour of clusters of particles in particle-laden flows. An experimental 
investigation of a free falling powder jet was carried out by Ogata et al. (2001). The 
experimental set-up is very similar to the facility that has been used in the present study. 
Experimental particles consisted of glass spherical beads ((p=2500  kg/rn3) having diameter 
d=500 j.tm. It was found that the free falling velocity of a particle in the powder stream was 
larger than that of a single particle in an unbounded fluid and increased with increasing mass 
flow rate. Furthermore, whilst the particle jet exhibited a uniform velocity profile near the 
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outlet point of the jet, the velocity profile further away from the outlet point was found 
similar to that of a single-phase turbulent jet. 
2.6.2 Prediction of drag coefficient and terminal velocity 
Correlations able to predict the drag coefficient for particles of various shapes have been 
formulated on the basis of the experimental data available in the literature. Current available 
methods to predict drag and terminal velocity of non-spherical particles are based upon two 
distinct approaches. The first approach aims at the definition of an equation for particles of 
fixed shape and orientation. Such approach has been adopted inter alias by Huner and 
Hussley (1977) and Ui et al. (1984) for cylinders in axial motion and Davis (1990) for disks. 
The resulting equations predict very well the behaviour of particles having the selected shape 
and orientation. However extrapolation to other shapes is not possible and the engineering 
applicability of this approach is therefore limited. The second approach aims at the definition 
of a single general empirical equation that can be used for the prediction of drag and terminal 
velocity for all particle shapes. This approach implies the definition of . a characteristic 
particle shape factor. Usually the sphericity (Pis employed to characterise the particle shape. 
This method relies on experimental results and although it tends to be less accurate than the 
previous one, it is more interesting from an engineering viewpoint. For this reason, it is the 
approach that has been considered for the prediction of the behaviour of irregular particles in 
the research work herein reported. 
This method was adopted by Becker (195 9) in his work on the effect of shape on drag in 
the motion of a freely oriented body in an infmite fluid. The author proposed a quadratic 
formulation of the drag law as follows: 
CD=CVReP+CJReP2 	 eq. 50 
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where is C. viscous.drag coefficient and C1 is the inertial drag coefficient. This formulation 
presents the advantage of a constant Cv for a given shape and orientation and that C1 is only 
weakly dependent on Rep . Becker compared predictions by the quadratic formula with 
experimental results from Heiss and Coull (1952) and Pettyjohn and Christiansen (1948). 
The diameter of a sphere with the same surface area as the actual particle was considered as 
the characteristic particle dimension for the analysis and the calculation of the particle 
Reynolds number. The experimental evidence indicated that freely oriented bodies showed 
three distinct behaviours. For Re <10, the inertial drag coefficient decreases in value with 
increasing bluffness and angularity. For 2 to 10< Re <100 to 400, isometric bodies and disks 
orient themselves with a flat side perpendicular to the direction of motion. The orientation 
stability of the bluff body coincides with the development of vorticity in the wake. The 
dimension of the vortex ring increases with increasing Re until a critical Re of 
approximately 200 is reached. When Re exceeds the critical Reynolds number, vortexes are 
discharged downstream periodically and freely oriented bodies develop a rotational motion. 
The inertial drag increases until the wake becomes completely turbulent at Re=2000. Becker 
also suggested different correlation for the prediction of the inertial drag coefficient in 
different regimes. 
More recently, correlations have been proposed by Haider and Levenspiel (1989), 
Swamee and Ojha (1991), Ganser (1993), and Hartman et al. (1994). 
Haider and Levenspiel (1989) developed explicit equations for the prediction of drag 
coefficient and terminal velocity of falling spherical and non-spherical particles. They 
considered the equal volume sphere diameter, which is the diameter of a sphere having the 
same volume as the actual particle, as the characteristic linear dimension for the evaluation 
of Red. The authors proposed a general equation for CD of spherical and non-spherical 
particles based on four parameterWA, B, C, and D: 
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CD =.(l+AReB )+ CD 	 eq.51 
Re 	1+— 
Re 
The four parameters A, B, C and D were evaluated by minimising the root mean square 
errors in the experimental data compiled by Turton and Levenspiel (1986). The attained 
values are reported in Table 1. 
0=1 P<l 
A 0.1806 exp(2,3288-6.4581-1-2.4486) 
B 0.6459 0.0964+0.5565 
C 0.5251 exp(4.905- 13.8944 0 +- 19.42222 OL1 0.2599 c!9 
D 6889.95 exp(1 .4681+12.2584 	-20.7322 (P'+1 5.885 5  c19) 
Table 1 Values for the calculation of CD from Haider and Levenspiel (1989). 
Haider and Levenspiel also suggested the use of a simpler but less accurate equation for the 
calculation of the drag coefficient: 
CD = -- [1 + (8.1716 exp(-4.0655)]Re°°964°5565 
+ 73.69 Re exp(-5.748) 
Re 	 Re+ 5.378exp(6.2122) 
eq.52 
This equation was found to be satisfactory for particles with sphericity cP >0.67. Since the 
particles used for the experimental work described in chapter 5 of this contribution are 
believed to have sphericity larger than 0.67, equation 47 has been used to back-calculate the 
sphericity of the experimental particles. 
Haider and Levenspiel also proposed an explicit equation to predict the terminal 
velocity of falling particles. The proposed equation is based on the dimensionless diameter 
d* and dimensionless velocity u*  and is valid for 0.5:~ P_<1: 
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The experimental data analysed to work out equation 49 were the same as the data used for 
the analysis of the drag coefficient, plus all the data from Pettyjohn and Christiansen (1948) 
for non-spherical isometric particles. 
Subsequently, Thompson and Clark (199 1) attempted improve the equation proposed by 
Haider and Levenspiel. They questioned the utility of the sphericity as characteristic particle 
parameter for the objective difficulty in measuring the surface area of irregular particles. 
They replaced the sphericity with a new shape factor e defined as the ratio of the drag 
coefficient for the irregular particle to that for a sphere. 
Ganser (1993) developed further the last two studies and proposed the following 
equation: 
CD 	24 	1+0.1118(ReK1K2)065671+ 0.4305 	 eq. 54 
Re ReK1K2 1+ 3305  
ReK 1 K2 
The two parameters K1 and K2 are function of the sphericity and their values for isometric 
and non-isometric shapes was suggested by the author. 
Swamee and Ojha (1991) developed empirical equations for the drag coefficient and 
terminal velocity of non-spherical particles based on the data collected by ScHulz et al. 
(1954). They based their analysis on the Corey shape factor /3: 
eq. 55 
where a>b>c are the particle principal axes. The following drag expression valid for 
1<Re<10,000 was proposed: 
CD =[ 	




[(i + 4•5fl035)08 Re° + Re+ 100 	+ p 18 + 1.05fl0.8f] 	
eq. 56 
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The afore-mentioned methods were reviewed by Chhabra et al. (1999). The authors collected 
experimental results from 19 independent studies and assessed the performance of the 
correlation proposed by Haider and Levenspiel (1989), Thompson and Clark (1991), 
Swamee and Ojha (1991), Ganser (1993), Chien (1994) and Hartman et al. (1994). The 
authors found that the method of Swamee and Ojha (1991) yield poor predictions whereas 
the remaining four method show overall mean error ranging from 16.6 to 24.1%. The authors 
concluded that the method proposed by Ganser gives the best performance for a variety of 
shapes and orientations of free falling particles. This method is based on the particle 
sphericity, which can be calculated for isometric particles but may result difficult for shapes 
whose surface area cannot be easily evaluated. 
2.6.3 Particle orientation 
Clift et al. (1978) showed that non-spherical particles in free fall tend to orient themselves 
such that the maximum cross-section is in the flow direction. Klett (1995) presented a 
theoretical investigation on predicting the orientation of falling non-spherical particles. In 
this study, different types of particle were considered, including spheroids, disks, cylinders 
and ice crystals. It was found that very small particles tend to be oriented randomly, but 
larger particles in a turbulent field will adopt a preferred orientation., More recently, Yin et 
al. (2003) derived a model for tracking non-spherical particles in a non-uniform flow field, 
taking into account shape details of non-spherical particles and rotation aspects. 
2.6.4 Turbulence and turbulent particle dispersion 
Turbulence is an eddying motion that exists at high Reynolds numbers and is characterised 
by a wide spectrum of eddy sizes with a corresponding spectrum of fluctuation frequencies. 
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The influence of such rotative fluid motion on small particles introduced in the flow is that 
particles will be randomly spread through the flow field. Particles will therefore describe a 
larger trajectory than the same particle in a laminar flow. This phenomenon is referred to as 
turbulent particle dispersion. 
Fundamental particle dispersion studies have been carried out by past researchers. A 
detailed discussion of the theoretical aspects related to particle dispersion and the various 
methods currently used to model it can be found in Shirolkar et al. (1996). Detailed 
mathematical descriptions for methods used to model particle dispersion in turbulent flows 
include those by Lamb (1980) and more recently Crowe et al. (1996). 
Other fundamental particle dispersion studies have been carried out on the effect of 
particle size distribution on the particle dispersion characteristics. These research efforts 
include work done by Sommerfeld (1990), Parthasarathy and Faeth (1990), Hishida et al. 
(1992), Call and Kennedy (1992). Turbulent particle dispersion has been modelled in several 
recent studies. Wang and Stock (1993) presented a detailed analysis for the dispersion of a 
particle in an isotropic, turbulent flow. Frank et al. (1993) described the dispersion of solid 
particles and presented a model of the wall interactions for a two-dimensional channel flow. 
An important feature of the studies hereby cited on turbulent particle dispersion is that they 
are based on the assumption of particle being spherical. In real industrial applications, 
particles are usually powders manufactured in such a way to produce arbitrary shaped 
particles. The behaviour of irregular particles in turbulent dispersion may be significantly 
different form spherical particle. There are still open questions associated with the effect of 
particle shape on turbulent dispersion. 
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2.6.5 Effect of collision on gas-solid flows 
Particle-wall collision and particle-particle interactions play a significant on the motion of 
particles in a flow field. The inter-particle collision probability depends on the particle 
concentration, the particle size and the fluctuating motion of the particle. The effect of 
collisions between particles becomes extremely important in dense flows. According to 
Crowe (1981), a flow is characterized as dense if the ratio of the particle relaxation time to 
the time elapsing between successive collisions is greater than unity. As the particle mass 
loading increases, the probability of a particle colliding with another also increases, resulting 
in a reduction of the available mean free path between particles. It has been shown that even 
at particle volume fractions as low as 4x 1 4  the particle-particle collision cannot be 
neglected (Tanaka and Tsuji, 1991). 
Several studies have been carried out in the last decades in order to improve the 
understanding of the effect of collisions in gas-solid flows. 
Numerous experimental investigations of particle-wall collisions have been earned by 
several authors (see for example the works from Sommerfeld (1992), Schade et al. (1996) 
and Shade and Hâdrich (1998). Fewer studies exist on particle-particle collision due to the 
complexity of experimental setting. Collision dynamics of two spheres have been 
investigated by Foerster et al. 1994. 
Numerical studies have been based on either a Eulenan approach, where each phase is 
considered as a continuum fluid, or a Lagrangian approach, where the particle trajectories are 
calculated. In particular, the rapid development of computer capabilities has allowed for 
Lagrangian simulations to evolve from the early stage where only particle-wall interaction 
where considered (Matsumoto and Saito, 1970) to the simulations of complex flows. 
Recently a probabilistic approach has been preferred to a deterministic approach, which is 
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based on the computation of only a restricted number of trajectories (see for example Tanaka 
et al. 1991, and Oesterlé and Petitjean 1993). 
Such an approach was adopted by Fohanno and Oesterlé (2000). The authors carried out 
experimental and numerical investigations of the gravitational motion of large spherical glass 
beads (3 mm diameter) in a vertical convergent duct. Measurements of the concentration and 
velocity profile of the solid phase were attained by means of an optical visualisation method 
combining still photography with an image analysis method based on particle streak 
velocimetry. Experiments were performed for two mass flow rates (the =0.13 kg/s and 
thp =0.38 kg/s) and the flow was moderately concentrated (mean volume fraction 
a=6.5x 1 0 
and a= 1 .9x 1 0 respectively). They observed two main types of flows. Some particles fall 
freely without any interactions with the walls or other particles. Other particles exhibited 
oblique trajectories because of their rebound on the inclined walls of the convergent channel. 
This transverse displacement locally increased the solid phase concentration and caused a 
decrease in the vertical velocity. Moreover it was observed that higher mass flow rates 
yielded reduced high magnitudes of transverse velocities, and therefore lower standard 
deviation of the transverse velocity, due to increased particle-to-particle collisions. The 
authors also compared the experimental measurements with numerical predictions attained 
by a Lagrangian code considering and not using a probabilistic collision model. Although a 
better agreement with measurements was observed when using the probabilistic collision 
model, the Lagrangian simulation slightly overestimated the particle vertical velocity and 
underestimated the particle transverse velocity standard deviation. 
-43- 
Chapter 2. Fundamentals ofgas-solidflow 
2.6.6 Turbulence modulation and generation 
Turbulence modulation and generation are two key features of the interactions between 
particles and gas-phase in two-phase flows. Turbulence modulation is an interaction between 
continuous and dispersed phase velocity fluctuations which supplement conventional 
damping of the gas phase turbulence (Al Taweel and Landau, 1977). Turbulence modulation 
is important when the relative turbulence intensities, defined as the ratio between the gas 
phase r.m.s. velocity fluctuations to the mean relative velocity between the two phases, are 
large and the solid phase is responsive to the gas phase velocity fluctuations. Turbulence 
generation consists of the perturbation of the gas flow field due to the wakes of the dispersed 
particles. Turbulence generation is most important when the relative velocities between the 
two phases are large, relative turbulence intensities are low, and correspondingly velocity 
defects within the wakes of the particles are large in comparison to the gas phase velocity 
fluctuations. 
Several experimental and numerical studies have been carried out to investigate 
turbulence modulation in various configurations, such as flows in decaying homogenous 
turbulence, jets, shear and boundary layers, and duct flows. Gore and Crowe (1989) 
compiled data from some of these experiments and suggested that the augmentation or 
attenuation of the continuous phase turbulence could be predicted by a critical parameter. 
This parameter, identified as the ratio of the particle diameter to the fluid length scale, was 
defined by the authors as the size of the energetic eddies of the fluid-phase turbulence. It was 
found that particles smaller than 10% of the fluid scale promoted attenuation, where larger 
particle augmented the turbulence. However, in this study the contribution that particle 
density and inertia may have on turbulence modification was neglected. A different approach 
was adopted by Hestroni (1989). He suggested that the particle Reynolds number Re be a 
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better parameter to predict augmentation or suppression of the fluid-phase turbulence. He 
showed that there was a correlation between large particle Reynolds number and turbulence 
augmentation. For Re larger than 400, vortex shedding from particles was quite strong, 
whereas for Re less than 110 there was very little shedding downstream. 
Whilst it is generally agreed that particle Reynolds number and particle size are 
significant indicator of the effect of particles on the fluid-phase turbulence, consensus is still 
lacking on which parameters most influence turbulence modulation. A complete review of 
the available literature on turbulence modulation in gas-solid flow is beyond the scope of this 
contribution. The results presented in the next chapters of this contribution were attained at 
very low Reynolds numbers and in conditions approximating homogeneous turbulence. 
Therefore only a brief summation of the most important findings in turbulence generation in 
homogenous isotropic turbulence is reported in the following. For a complete review of 
experimental and numerical studies of turbulence modulation in jets, channels and duct see 
Pans and Eaton (2001). 
In most particle-laden flows exhibiting turbulence suppression, the momentum 
couplings between the phases takes place at the smallest scale of turbulence where the 
turbulence is nearly isotropic. Although isotropic turbulence occurs in few practical particle 
laden-flows, localised regions of many such flows can be considered as isotropic. The 
investigation of isotropic particle-laden flows may be useful to gain to a better understanding 
of particle turbulence interactions in more complex flow. Furthermore, it was found that dual 
particles settle faster than a single particle at low Reynolds number but not at high Reynolds 
number because of particle separation. 
Past experimental investigations on turbulence generation include the studies carried out 
by Lance and co-workers on homogenous dilute dispersed flows (Lance and Bataille, 1982; 
Lance and al. 1980, 1985). Lance and co-workers investigated the air-water bubbly flows 
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downstream of turbulence generating grid. They observed an increase in the continuums 
phase turbulence with increasing void fractions. However, the combined effects of bubble 
and grid-generated turbulence render difficult to interpret the results. 
An important experimental study on turbulence generation was conducted by 
Parasarathy and Faeth (1990). A Laser Doppler Anemometry (LDA) was used to study a 
particle-laden flow with particle-induced homogeneous turbulence. The turbulent field was 
generated by mono-dispersed spherical particles falling in a quiescent water bath. Three 
different particle diameters were considered in order to achieve Re of 38, 156 and 545 upon 
reaching terminal velocity. Results suggested that a large range of frequencies was present in 
the turbulence field even for fairly low wake Reynolds numbers. The authors also found that 
spatial velocity correlations and temporal and spatial integral scales were independent of 
both particle size and the rate at which particle energy was dissipated in the fluid. The 
findings of Parasarathy and Faeth were corroborated in the study by Mizukamy et al. (1992) 
in their study of particles falling in quiescent air. Homogenous turbulence generated by 
uniform fluxes of round glass beads falling through stagnant air was studied for particle 
Reynolds numbers in the range 100-800. It was found that turbulence intensities and integral 
scales were functions of the rate of dissipation of particle mechanical energy and particle 
drag properties. As previously observed in the experiments in water, spatial correlation and 
temporal spectra were largely independent of particle properties. 
2.7 Numerical simulation of particulate flows 
Multi-phase flow modeling has undergone intensive developments in recent years because of 
its great importance for practical applications. In resent decades several theories of two- 
phase flow have been developed and exploited successfully for the needs of industry and 
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environmental sciences. A good overview of work in this area may be found in Crowe, 
Sommerfeld and Tsuji (1998). Generally, two different approaches may be taken to model 
the gas-solid flows. In the continuum-continuum approach, or Eulerian-Eulerian approach, 
the gas and the solid are treated as interacting continua (Gidaspow, 1994). Continuity and 
momentum equations are written for each phase, and inter-phase interaction is accounted for 
through appropriate sources and sinks in the phase momentum equations. This approach 
requires a constitutive equation for the solid phase to relate the solids stress tensor to the 
velocity field; the fluid phase is typically modelled as Newtonian. The inter-phase interaction 
terms typically involve empirical relationships for drag, heat transfer and other exchanges. In 
the combined continuum - discrete element simulation (DES), or Eulerian-Lagrangian 
formulation, only the fluid phase is treated as a continuum, whilst the motion of individual 
particles is tracked using Newton's laws accounting for fluid-particle interaction forces, 
collisions with other particles and with walls. The hydrodynamic influence of the particles 
on the gas appears both as a volumetric blockage as well as an inter-phase drag. Other 
effects, such as inter-phase heat and mass transfer can also be accounted for in this approach. 
Combinations of DES and gas-phase continuum simulations are now frequent in the 
literature. In one of the earliest works in this area, Nakanishi et al (1991) described the use of 
DES to perform gas-solid flow simulations for a discharge bin. They used DES for solid 
phase and a continuum description for the gas phase and discuss the advantages of air jets on 
the walls of the discharge. These combined DES and gas-phase simulations all assume that 
the gas-phase control volumes over which computations are done contain many hundreds of 
particles. Thus, they do not resolve the flow around individual particles. Instead, the inter-
phase drag is taken from experimental correlations. 
The increase of computer power over the last few years has allowed the direct numerical 
simulation (DNS) of particulate flow by accounting for the finite dimensions of the particles 
-47- 
Chapter 2. Fundamentals ofgas-solidflow 
and the flow around the particles. DNS has been applied to flows with low particle Reynolds 
number, see for example Schwarzer et al. 1998; and Glowinski et al., 1999), as well as basic 
turbulent research aimed to analyse the effect of particles on turbulence (see for example 
Squires and Eaton, 1994). More recently, a few studies have been published which try to 
represent the flow over individual particles directly without recourse to experiments (see for 
example Patankar and Joseph, 2001(a) and (b)). 
Few studies have tried to simulate the flow characteristics of particulate jets and free 
falling streams of particles. Uchiyama (2004) proposed the numerical simulation of a 
particulate jet generated by solid particles falling from a slit orifice into an unbounded 
quiescent air. The simulation was based on a two-dimensional vortex method (Uchiyama et 
al., 2000; and Uchiyama and Maruse, 2001). This method calculated the behaviour of vortex 
elements, discretising the gas vorticity field and the particles motion by Lagrangian 
approach. Particles with diameter d300, 400 and 500 tm and particle density 
p,,'1295,2590 and 5180 kg/rn 3 were employed. The simulation yielded results in which 
particles fell straight and an air flow with large eddies was induced. The velocity of a particle 
in the falling stream was found higher than the single particle velocity. The vertical 
component of the air velocity Woir  took its maximum value at the centreline of the particle 
stream and decreased with distance from the centreline. A region of Wajr<O was observed at a 
distance from the particle stream centreline equal to 120mm. It was found also that WaIr 
decreased and the maximum value lessened for larger diameters. This was due to a reduction 
of the number of particles falling per unit time for constant particle mass flow rate, which 
accordingly reduced the effect of particles on the airflow. 
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2.8 Conclusions 
This chapter summarised the fundamental equation and the empirical results attained for the 
notion of particles in gas-solid flow. These results serve as an extremely useful basis to 
characterise and predict the behaviour of particle-laden flows. However, the models used 
rely on the assumption of particles being either spherical or regularly shaped. In real 
processes, particles are rarely spherical. Particulate products are created from a range of raw 
materials to yield particles with distinct complicated shapes. The velocity of a particle is 
strongly dependent on its shape, in addition to its size and orientation, and the viscosity of 
the fluid medium. The lack of an unambiguous measure of shape, size and orientation during 
the settling of irregular particles is the main obstacle in developing universally applicable 
correlations able to predict the dynamic behaviour of particle-laden flows. 
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3 Particle characterisation 
This chapter describes the geometric characteristics of the particles used to perform the 
experimental study. 
3.1 Introduction 
Particles are described unequivocally by a set of parameters including shape, size and 
density. These properties are not always simple to determine especially when the particles 
are very small. Characterisation of particles and bulk systems as powders has improved 
vastly over the last few years due to the improvements of spectroscopy techniques and faster 
computers (Davies, 2001). A detailed examination of particle characterisation can be found 
in Allen (1996). 
In the majority of gas-solid flow, particles are not spherical and their characterisation 
is not straightforward, as more than one characteristic parameter may be needed to 
unambiguously describe the particles. Particulate products are created from a range of raw 
materials to yield particles with distinct complicated shapes. The velocity of a particle is 
strongly dependent on its shape, in addition to its size and orientation, and the viscosity of 
the fluid medium. The study reported in this contribution focused on the dynamic behaviour 
of irregular particles in air-solid flow. This chapter describes the particles utilised in the 
experimental investigations. The main parameters usually used to characterise non-spherical 
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particles are described in section 3.2. Section 3.3 illustrates the sampling method and 
resulting particle size distribution of the particles utilised to perform the experimental study. 
3.2 Particle characterisation 
Spherical particles are characterised unequivocally by one parameter, the diameter. The 
characterisation of non-spherical particles, however, becomes more complex by the necessity 
of defining the parameter that can describe the particle. Several indicators of particle shape 
for non-spherical particles have been developed. A very common indicator is the roundness. 
Roundness R refers to the sharpness of the corners and edges of a particle. Roundness was 
defined by Wadell (1932) as the ratio of the average radius of curvature of the corners to the 
radius of the largest inscribed circle. Since it is quite time consuming to measure roundness, 
the common method of estimating roundness is to visually compare grains of unknown 
roundness with standard images of particles of known roundness. Roundness can vary in a 
spectrum of roundness class. Figure 14 shows a range of roundness classes for the 
classification of sedimentary particles. 
Another very common parameter is the sphericity P. This is given by the ratio between 
the surface of a sphere having the same volume as the particles and the actual surface area of 
the particles (Wadell, 1934). Quantitatively sphericity may be expressed as the Wadell 
Sphericity: 
w = FLVP,- 	 eq. 57 
where V, is the volume of a particle determined by immersion of the grain in a fluid and V 
is the volume of a circumscribing sphere, which may be taken as the volume of a sphere with 
a diameter equal to the long axis of the particle. 
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rounded 	Rounded 	rounded 
R=O.O to 0.1 	R=0.0 to 0.15 R0.15 to 0.25 R=0.25 to 0.4 	R=0.4 to 0.6 	R=0.6 to 1 
Figure 14 Classification of roundness values, after Powers (1953) 
The sphericity of a particle is usually determined by measuring the three linear dimensions 
of the particle longest L, intermediate /and shortest axes S. 
(D 	
LIS F1 3 LI eq. 58 
The sphericity of irregularly shaped particles can be calculated photographically (Broadhurst 
and Becker, 1975). Viewing particles through a microscope and comparing with published 
data (e.g. Kunii and Levenspiel, 1991; Hartman and Coughlin, 1993) can provide a realistic 
value of i. 
For very small particles, the calculation of the surface area and volume can require 
complicated microscope techniques. Other parameters, such as Feret diameter and projected 
area diameter, may be easier to determine. Particle Ferel diameter is defined as the mean 
value of the distance between pairs of parallel tangents to the projected outline of the 
particle. Projected area diameter is defined as the diameter of the sphere having the same 
projected area as the actual particle. 
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3.3 Experimental particles 
The particles used for the experiments were mainly glass beads and crushed glass (p=2590 
Kg/rn 3 ). Figure 15 shows microscope photographs of both spherical and irregular particles. 





Figure 15 Microscope images of spherical and irregular particles before sieving 
Particle diameters ranged from 45 to 350 I.Lm. Both spherical and irregular particles were 
divided into seven different diameter ranges: 45 to 75gm, 75 to 90pm, 90 to 106pm, 106 to 
125 pm, 125 to 150 pm, 150 to 180 pm and 250 to 350 pm. The classification was carried 
out by using test sieves (Endecotts Brass S/Steel mesh) of corresponding apertures and 
included manual and mechanical shaking techniques. 
Particle size distribution and other characterising parameters of the two powders were 
obtained by using a colour video camera set on a microscope and a software image analysis. 
Particle samples were prepared by placing a small amount of particles on a microscope slide 
and spreading them evenly to avoid particle agglomeration. Colour high-resolution (768 x 
576 pixels) images of the particles were then obtained using a colour video camera (model 
TK-1070, JVC) set on an Olympus BH2 Research Microscope. Backlighting was used for all 
measurements. Microscope images were captured by the camera and stored in a PC 
computer. A UTHSCSA Image Tool processing software was then used to transform the 
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colour images into 8 bit gray scale images. Processed binary images for irregular and 
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Figure 17 Processed image of spherical particles 
Gray scale images were thresholded manually in order create a binary image. The binary 
images were then used for the analysis. The images were then analysed by using ImageTool 
software. The image analysis was performed in a number of steps. 
The first step consisted of finding and counting the total number of particles in the 
binary image with a minimum size larger of a minimum pixel threshold, defined each time 
for the particle diameter range analysed. 
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The second step required a spatial calibration to define the unit of measurement and correct 
for the magnification within an image for all dimensional analyses. The correction factor is 
valid only for the image in which the calibration is performed. Hence if the magnification 
were different, a different calibration factor would be required. 
Thus, the geometrical properties of the particles were calculated. These included area, 
perimeter, major axis and minor axis lengths, elongation, roundness and Feret diameter. The 
data is filtered to eliminate agglomerations of particle by using an appropriate value of 
elongation and roundness. A number of thresholding parameters, and values for these 
parameters, were tested. The final parameters and values used were found to be the closest 
match to the visual observation of particle agglomeration. 
Particles were sampled over more than 1000 particles for each shape and size. Figure 18 
to Figure 21 show the PDF of the particle size distributions and cumulative size distribution 
for the particle diameter range 90 to 106 pm. Particle distributions and cumulative size 
distribution for all experimental particle ranges are shown in Appendix to Chapter 3. 
For each diameter range considered, irregular and spherical particles exhibit a size 
distributions with a similar mean Feret and projected area diameters. However the irregular 
particle distribution has a larger spread in the particle size. The size distribution for irregular 
particles shows particles much larger and smaller than the sieve sizes. In fact, the sieve tends 
to size particles according to the minimum cross-sectional area of the particle. For the 
irregular particles used in the experiments, the diameter corresponding to the minimum cross 
section is smaller than that corresponding to the average volume of the particles, causing the 
sieve to slightly undersize the particles. 
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Figure 19 Particle size distribution for spherical particles with diameter d=90 tol06 pm 
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Figure 21 Cumulative distribution for spherical particles with diameter d=90 to 106 tm 
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The size distributions also show that Feret diameter dF and projected area diameter dpa  
coincide for spherical particles and differ for irregular particles. This difference between the 
estimated dF and dpa was always within 5% of the mean particle diameter d and this, in turn, 
was within 3% on the sieve diameter. Thus, the sieve diameter was chosen to charãcterise the 
particles not only because of the closeness of the various size indicators considered, but also 
because the sieve diameter is the geometric parameter normally used for sizing in industrial 
applications. 
3.4 Conclusions 
This chapter described the method used to classify the experimental particles and the results 
of the particle analysis. The particle size distributions have been calculated for each particle 
shape and diameter range. Irregular particles exhibited a size distribution with a larger spread 
due to the tendency of the sieve to slightly undersize the particles. The analysis also showed 
that Feret diameter and the projected area diameter coincided with the sieve diameter for 
both spherical and irregular particles. Thus, the sieve diameter was chosen as the 
characteristic size indicator for irregular particles. 
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4 Experimental set-up 
This chapter describes the experimental apparatus and techniques utilised in this study to 
carry out the experimental investigation. The basic concepts , behind the laser measurement 
techniques Particle Image Velocimetry (PIV) and Laser Doppler Anemometry (LDA), which 
have been employed to perform the experimental measurements, are briefly illustrated and 
the experimental set-up is described in details. 
4.1 Introduction 
The study reported in this contribution aimed at the experimental investigation of the 
dynamic behaviour of irregular particles in free fall and the comparison with spherical 
particles. To this aim, laser techniques have been employed, for laser based measurement 
techniques are non-intrusive and do not disturb the flow. Two techniques have been used: 
Particle Image Velpcimetry (PIV) and Laser Doppler Anemometry (LDA). 
Ply can provide information on a whole plane instantaneously, and is thus capable of 
capturing instantaneous local phenomena, such as vortices in the flow. The disadvantage 
with the current technology is the poor temporal resolution. The temporal resolution can be 
improved but new limitations are often introduced to the acquisition of data. The limitation 
can be a reduction of the field of view of the system and thereby losing information on the 
large-scale flow phenomena. The most common systems give information on two-
dimensional velocity vectors, but more advanced systems can also be arranged to give three-
dimensional velocity vectors in the field of view. 
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The LDA system has a good spatial and temporal resolution and provides information at one 
measuring point. Mean profiles are obtained by traversing the measuring device stepwise in 
the desired direction taking data for each point. Common to all laser based measurement 
techniques is that the measurements are based on the presence of particles in the flow. In 
multiphase flows, information on the solid phase can be acquired without any problems as 
long as the multiphase system is so dilute that the laser light can penetrate through the 
system without being substantially reduced. Seeding the flow with tracer particles can be 
employed to measures the properties of a gas-phase. The particles must have a small enough 
Stokes number so that they are able to follow the flow with a sufficiently small slip-velocity. 
If both the gas and the solid phase are to be measured at the same time the gas phase has to 
be seeded with particles producing a signal that can be discriminated from the signal from 
the dispersed particles. 
In this study, both PIV and LDA have been applied to investigate the flow of streams of 
particles free falling in stagnant air and the properties of the gas-phase. The experimental 
facility in which measurements were performed is described in section 4.2. A two-
dimensional PIV system was employed to investigate particle-particle interaction and to 
produce the spatial distribution of the particle velocity for different particle shape, diameters 
and mass flow rates. The PIV system is described in section 4.3. Air-particle interaction 
mechanisms were observed experimentally by using a three-component LDA. The properties 
of the gas-phase and the induced turbulence due to particle motion were thus measured. 
Section 4.4 includes a detailed description of the LDA system. 
Chapter 4. Experimental set-up 
4.2 Experimental facility 
The experimental investigation was performed in one facility. The apparatus consisted 
mainly of a glass tank and a particle discharge mechanism, both built in-house. Figure 22 
shows the experimental facility. 
Figure 22 Experimental facility 
Since the focus of the experiments was the particle-particle and air-particle interaction 
mechanisms, the effect of the confining wall on the particle velocity (Clift et al., 1978) was 
to be avoided. For this reason, a large settling tank lm x im x im was built. The wall of the 
tank consisted of glass to allow for optical access. The settling tank rested on metallic legs 
and was located 0.5 meter above the laboratory floor. The tank contained stagnant air at 
standard temperature and atmospheric pressure. The particles used for the experiments were 
glass beads and crushed glass (p2590 Kg/m 3), whose diameters ranged from 45 to 300 .tm 
(see chapter 2 for more details on the experimental particles). Relevant properties of the gas-
phase and the particles are presented in Table 2. 
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Air velocity (m/s) 	 0 
Air density (kg/M3 ) 	 1.2 
Air kinematic viscosity (m 2/s) 	1.51x10 
Air dynamic viscosity (kg/ms) 	1 .82x1 o 
Particle density (kg/M3) 	 2590 
Table 2 Experimental air and particle properties 
The particle discharge mechanism comprised of a conical hopper, a support system and a 
vibrating device, all mounted directly above of the tank. Figure 23 illustrates the major 
aspects of the particle discharge mechanism. 
, 
Figure 23 Particle discharge mechanism 
The upper part of the discharge mechanism consists of the conical hopper mounted on 
two vertical supporting posts, which allow for the height of the hopper to be regulated. 
The hopper was designed to obtain mass flow condition, whereby particles are in motion 
within the container during discharge (Seville et al., 1997). The hopper is 161 mm high, 
has a maximum diameter of 200 mm and a half-angle of 25°. Figure 24 shows the hopper 
dimensions. 
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Figure 24 Hopper 
Although the hopper was built with a steep half-angle, stagnant regions existed 
immediately above the hopper outlet. In all experimental conditions, a vibrating system 
was connected to the hopper to further ensure an even particle flow rate. The vibrations 
provided by the device were characterised by high frequencies and low amplitudes, and 
ensured that particles within the hopper did not stick to the hopper walls. 
The bottom part of the particle discharge mechanism consisted of an orifice whose 
aperture could vary between 1.5 and 20 mm to control the particle mass flow rate. A slot 
housing a removable stainless wire cloth (Universal Wire Cloth) was mounted at the 
bottom of the discharge devise. The mesh at the base of the hopper was introduced in 
order to achieve a flow evenly distributed along the radial direction. The mesh also 
allowed to attain a dilute flow. Particles flow from the hopper to the glass tank through 
the mesh and settle on a particle-collecting device. The combination of orifice diameters 
dor and mesh aperture a, and the resulting experimental mass flow rates in are illustrated 
m Table 3. 
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Irreaular DartiCleS 	Soherical Darticles 
Diameter 
range (Lm) 
d (gm) d0,. (mm) a (gm) m (gis) a (gm) m (9/s) 
1.5 105 0.105 105 0.212 
1.8 119 0.18 105 0.29 
45to75 60 2 119 0.234 105 0.37 
2.5 178 0.463 105 0.72 
3 178 0.833 105 1.15 
119 0.113 105 0.226 1.5 
1.8 119 0.204 105 0.316 
75to90 82.3 2 119 0.303 105 0.414 
2.5 139 0.554 105 0.789 
3 178 0.915 119 1.174 
119 0.120 119 0.239 1.5 
1.8 119 0.210 119 0.322 
90to106 98 2 139 0.316 119 0.468 
2.5 178 0.584 119 0.813 
3 178 0.923 119 1.233 
178 0.166 139 0.239 1.5 
1.8 178 0.225 139 0.329 
106 to 125 115.5 2 190 0.352 139 0.497 
2.5 190 0.632 178 0.918 
3 190 0.931 178 1.312 
1.5 178 0.195 178 0.244 
1.8 178 0.259 178 0.332 
125to150 137.5 2 190 0.39 178 0.517 
2.5 254 0.683 178 0.934 
3 254 0.983 178 1.342 
1.5 229 0.213 178 0.261 
1.8 229 0.286 178 0.339 
150 to 180 165 2 229 0.424 178 0.455 
2.5 254 0.723 178 0.847 
3 254 0.985 178 1.38 
1.5 279 0.225 254 0.291 
1.8 324 0.296 254 0.387 
200 to 250 225 2 324 0.454 279 0.558 
2.5 405 0.773 279 0.943 
3 405 1.052 279 1.41 
1.5 405 0.245 379 0.315 
1.8 405 0.316 379 0.421 
250 to 350 300 2 405 0.469 379 0.568 
2.5 405 0.793 379 1.015 
3 405 1.1 379 1.451 
Table 3 Mesh and orifice set-up and corresponding particle mass flow rates 
WSE 
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The mesh was carefully selected for each particle diameter range and shape in pre-
performed tests. During these tests, the aperture of the orifice and the mesh size were 
changed systematically until a similar mass flow rate for spherical and irregular particles 
was obtained. The mass flow rate at each experimental condition was calculated by 
measuring the weight of particles, which had fallen in a certain period of time. A 
stopwatch operated manually monitored the elapsing time. The mass of particle fallen in 
the elapsed time was measured with a scale (Sartorius BasicPlus 3100) with readability 
0.Olg and response time lower than 1.5 s. Figure 25 and Figure, 26 show the variation of 
the mass flow rate with the diameter dor  of the hopper orifice for irregular and spherical 
particles, respectively. Correlations for the prediction of mass flow rate of irregular 
particles are provided in Chapter 5. 
The mass flow rate of irregular particles was consistently lower than spherical 
particles for the same orifice diameter. Although irregular particles did not flow as easily 
as spherical particles, similar mass flow rates were obtained by varying the hopper orifice 
and the mesh aperture. To verify that a constant discharge of particles would occur in all 
experimental conditions, the mass flow rate was monitored over long time interval with a 
video camera and a scale. It was found that after a short time of few seconds, the mass 
flow rate stabilised at a constant level in all experimental conditions. Figure 27 to Figure 
34 show the variation of the instant mass flow rates th for experimental particles falling 
through a 1.5 mm orifice. Similar results were obtained at different orifice diameters. 
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Figure 25 Experimental mass flow rate of streams of irregular particles 
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Figure 27 Instant mass flow rate of a stream of irregular and spherical particles having 
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Figure 28 Instant mass flow rate of a stream of irregular and spherical particles having 
diameter d = 75 to 90 J.Lm flowing though an orifice of diameter d0,1.5 mm 
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Figure 29 Instant mass flow rate of a stream of irregular and spherical particles having 
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Figure 30 Instant mass flow rate of a stream of irregular and spherical particles having 
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Figure 31 Instant mass flow rate of a stream of irregular and spherical particles having 
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Figure 32 Instant mass flow rate of a stream of irregular and spherical particles having 
diameter d = 150 to 180 .Lm flowing though an orifice of diameter dor=1.5 mm 
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Figure 33 Instant mass flow rate of a stream of irregular and spherical particles having 
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Figure 34 Instant mass flow rate of a stream of irregular and spherical particles having 
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The use of metallic mesh allowed attaining a particle loading between 0.01 and 0.1. The 
particle discharge mechanism was also used without the metallic mesh in order to achieve 
a dense concentration of particles. This configuration was used only with the Laser 
Doppler Anemometry to investigate the air-particle interaction of particles having 
diameter 200 to 250 mm and 250 and 350 mm. The mass ratio between particles and gas-
phase in this case was between 1 and 6. 
4.3 Particle Image Velocimetry 
Particle Image Vecocimetry (PIV) is a non-intrusive, laser-based measurement technique, 
which allows the determination of instantaneous velocity maps of a flow field. The term 
Ply was coined by Pickering and Halliwell (1984, 1985) and Adrian (1984), and is used 
to identify quantitative flow mapping techniques using discrete particle images as the 
information carrier. Since the initial experiments more than twenty years ago (Barker and 
Fourney, 1977, Dudderar and Simpkins, 1977, Grousson and Mallick, 1977), there has 
been considerable work done on the development of PIV technique. Over the last two 
decades, PIV has become a valuable tool for the measurements of significant spatial flow 
structures and has been used extensively by several authors. A PIV system usually 
comprises of illumination, image capture and data acquisition. A high power laser 
provides intense illumination for the flow field. Light scattered from particles following 
the flow allows images to be formed and recorded by a camera. Nowadays two 
methodologies are most common: the single frame/ multi-pulse technique and the multi-
frame/single-pulse method. In both techniques, the images are captured with a CCD 
(Charged Coupled Device) camera. The output of the CCD sensor is stored in real time in 
the memory of a computer. The digital PIV recording is divided into small areas called 
interrogation areas. The local displacement vector for the images of the particles of the 
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first and second illumination is determined for each interrogation area by means of 
statistical methods, usually auto-correlation or cross-correlation (Raffel et al., 2000). The 
projection of the vector of the local flow velocity into the plane of the light sheet is 
calculated taking into account the time delay between the two illuminations and the 
magnification at imaging. The process is repeated for all interrogation areas of the PIV 
recording. 
4.3.1 PIV apparatus 
In this study, Ply was used to measure experimentally the velocity of streams of particles 
free falling in stagnant air. Particles were glass spheres and crushed beads having 
diameters varying from 45 to 180 mm and classified in to 6 different ranges (see chapter 
2). The PIV system included illumination, image capture and data acquisition 
components. Figure 35 shows a schematic of the PIV set-up. 
Figure 35 Ply set-up 
The flow field is illuminated with a 15W Spectra-Physics 171 Argon-Ion laser. The laser 
produces a continuous wave (CW) of light beam. The laser beam is directed to the 
experimental set-up through a fibre optic. In order to pulse the laser beam, a scanning 
beam illumination method was employed. This method consists of scanning an 
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unexpanded beam through the region of interest within the flow by using a polygon 
scanner. A laser beam is directed on to a rapidly rotating mirror, which has several facets. 
Successive mirrors reflect the beam through an arc of 4f,,  where Nfael  is the 
number of facets on the mirror. The beam passes through the arc every T= l/FNfacets 
seconds, where F is the rotational frequency of the mirror system. The polygon mirror 
deflects the laser beam onto a parabolic mirror and therefore the angular rotation of the 
beam is translated into a parallel scan (Gray et al., 1991). The polygon scanner used for 
this study has 18 facets and rotates at frequencies up to 850 Hz. The polygon scanner was 
housed in a special case and produced a laser sheet 0.5m wide. Due to constraints 
imposed by the glass tank, the scanning mirror box was placed at 550 mm from the 
particle stream centreline. 
Images of the particles are captured with a Kodak MegaPlus ES 1.0 8-bit digital 
camera. This is a high resolution interline frame transfer CCD camera and has an 1010 by 
1008 pixel array with 55% fill factor, a pixel size of 9 pm and vertical and horizontal 
pixel spacing of 9 tm. A Micro-Nikkor 50 min lens at an aperture of fY16 is used with the 
camera. The camera was situated on a tripod completely isolated from the glass tank 
frame and located a 510 mm from the particle stream centreline. The camera produced 
imaged areas of about 100 mm x 100 mm. 
The flow of particles was mainly unidirectional with a small velocity component 
normal to the main flow direction and with small fluctuations in the main direction. Thus, 
a single-frame/multi-pulse technique was used. Initial and final particle positions were 
captured in the same camera frame and spatial auto-correlation algorithm was used. The 
camera images were divided into interrogation areas of 64x64 pixels for particle 
diameters d< 100 .tm, and 64x 128 pixels for particles having diameter d> 100 .tm. The 
particle shift was between 20 and 40 pixels. A half window overlap was used with the 
sub-windows to produce a maximum vector map of 31 by 30 vectors in the cross-stream 
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and stream-wise direction for particle diameters d<1 00 gm, and 31 by 15 vectors for 
particles having diameter d> 100 pm. 
The PIV recording sequence was transferred to a DANTEC PIV 2000 Processor and 
a 200 MHz Pentium PC computer stored the digital images. The same computer uses a 
Dantec FlowMap®  software to initiate the testing and for data acquisition and analysis. 
The FlowMap system's algorithm was used to auto-correlate the PIV images (Dantec 
Dynamics, 2000). Each of the captured images was correlated with spatially shifted 
versions of itself to produce an average particle displacement vector. Doing this for all 
interrogation regions produced a vector map of average particle displacements. The 
displacement vectors were converted into a map of velocity vectors by dividing them 
with the known time between the frames captured. Incorrect vectors resulting from noise 
peaks in the correlation function were eliminated by filtering the data with peak height 
validation and range validation. Peak-height validation validates or rejects individual 
vectors based on the values of the signal to noise ratio. Velocity-range validation rejects 
vectors that are outside a certain range. No further filtering technique was applied. 
4.3.2 PIV experimental procedure 
The Ply images were captured in two locations of the flow. Figure 36 shows the 
locations of the flow where PIV measurements were carried out. The developing flow 
was observed in a region with the centre located 150 mm downwards from the hopper 
orifice. This is referred to as developing region throughout this contribution. The 
developed flow was observed near the bottom section of the settling tank in a region with 
the centre located 900 mm downwards from the hopper orifice. This is the region where 
the velocity gradients are the lowest and particles reach the terminal velocity, and is 
referred to as self-similar region. 
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developing 
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particle stream 	i self-similar 
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Figure 36 PIV image locations 
The experimental procedure mainly comprised of three phases, i.e. particle preparation, 
data acquisition ,  and particle collection. The first phase consists of the preliminary 
preparation of the particles and the hopper. The particles are warmed up in an oven at 
moderate temperature for about fifteen minutes to eliminate humidity accumulated during 
storage. The hopper's orifice is set to the appropriate diameter to produce the desired 
mass flow rate and matched with the appropriate metallic mesh. The hopper is thus filled 
with the particles up to an empirically determined height, usually between 100 and 120 
mm, to guarantee a steady discharge of particles. Once the vibrating device is initiated, 
the apparatus is ready for acquisition. The particle flow is initiated by removing the 
orifice pintle. Simultaneously, a digital stopwatch is activated manually by an operator. 
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steady particle mass flow rate. PIV images are acquired until 30 images are captured. At 
the conclusion of the experimental run, the orifice pintle is put back in place to stop the 
particle discharge and the stopwatch is deactivated. The final stage of the experimental 
procedure is to weigh the particles colleted from the receiving device at the bottom of the 
tank. Room temperature and atmospheric pressure were recorded for each week. Over the 
course of the measurements, laboratory temperature varied by less than 3 degrees Celsius 
and atmospheric pressure varied by less than 0.2 kPa over each individual test run. 
Flow statistics for each experimental configuration were compiled for at least 30 
image sets totalling approximately 1500 images. Figure 37 and Figure 38 show some PIV 
images for two sets of streams of irregular and spherical particles in the self-similar 
region having diameter dl 15.5 pm and mass flow rates 0.3 g/s. The original TIFF files 
have been processed to show a negative image and improve visibility of the particle 
streams in the printed form. 
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For each shape and size, three different mass flow rates were considered and for each mass 
flow rate 30 different images were recorded in a sampling time of 30 seconds. The velocity 
data obtained by the image post-processing were then averaged over the 30 images. The 
velocity at every single location x 1 , y1 of the control area is therefore given by: 
iN 
U =— U. 
N 1 
eq. 59 
where ui  represents a sample velocity at the measuring point and N is the number of sample. 
This yields an averaged velocity map for each flow, to which the results presented in the 
following refer. 
The fluctuation velocity has been calculated as the root-mean-square of the average of 
the squared difference between the local velocity at the measuring point and the mean 
velocity at the same point: 
= .j-_(u U)2 
eq. 60 
where u is the local mean velocity as defined by eq. 59. 
4.3.3 Ply experimental uncertainty 
Even when experimental conditions are ideal, a PIV vector map contains false or spurious 
vectors. Causes of false vectors include the lack of particle pairs in the interrogation spot due 
to inadequate seeding density, or excessive out-of-plane motion such that the particle exits 
the light sheet between laser pulses. The uncertainty of PIV velocity measurements is 
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dominated by the accuracy of the measured particle displacement. For digital PIV, this 
uncertainty is estimated to be ±0.5 pixels for an integer pixel displacement to the actual 
displacement. Research has been carried out to improve the accuracy of digital PIV by 
applying an analytic function fit to the peak and off-peak pixels of the sub-window 
correlation (see for example Ashforth-Frost et al. (1993), and Westerweel (1993)). The 
Dantec PIV 2000 code used in this study employs a Gaussian fit for the sub-pixel estimator. 
With auto-correlation, the PIV processor scans the selected half of the correlation plane to 
find the five highest peaks including the central self-correlation peak. For each of the peaks 
found a 2-D curve-fit is used to interpolate width, height and position of the peak. The 
interpolated widths, heights and positions of the two largest peaks are sent to the PC along 
with the height of the central peak. The position of the highest peak is assumed to represent 
the average particle displacement in the interrogation area, whilst the lower peak is assumed 
to be noise. The PC thus compares the heights of the peaks to validate the calculated raw 
vector. The Gaussian sub-pixel fit reduces the displacement uncertainty and produces 
measurements accuracy better than 0.1 pixels (Dantec Dynamics, 2000), corresponding to 
velocity uncertainties from 0.2% to 0.5% of the mean flow velocity. Additionally, since the 
correlations are calculated using Fast Fourier Transformation (FFT), window functions are 
applied to decrease the influence of phantom particles. These functions manipulate the 
camera image grey scales values and thus act as an input filter to the FFT algorithm. Two 
window functions are applied. A top-hat window multiplies intensities in the centre of the 
interrogation region with one, whilst intensities near the edge are multiplied with zero. A 
Gaussian window is applied to solve the problem of measurement bias towards zero due to 
particle image straddling the boundary of the interrogation area. The Gaussian window 
multiply particles in the centre of the interrogation area with one, while particle images are 
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attenuated as moving away from the centre. For this study, the displacement uncertainty is 
estimated as 0.2 pixels, which corresponds to velocity uncertainties from 0.5% to 1% of the 
mean flow velocity. 
A secondary source of uncertainty is caused by mean velocity gradients in the flow. When 
there are velocity gradients in an interrogation area, fast particles are more likely than slow 
ones to have either the initial or the final position outside the interrogation area. Keane and 
Adrian (1991) used Monte Carlo numerical simulationsto quantify the errors introduced to 
the PIV technique by mean velocity gradients. Keane and Adrian defined the displacement 
gradient as the mean pixel displacement difference across a sub-window divided by the 
length of the sub-window and found that significant tracer particle dropout occurred for 
displacement gradients in excess of 3%. For this study, displacement gradient error is not 
appreciable. 
Additional factors influencing the PIV vector uncertainty are the uniformity of particle 
density, particle imaging, background illumination, camera optics and noise. Since many of 
these sources of error are difficult to quantify, PIV uncertainties are best assessed 
conservatively. The true uncertainty of the technique probably lies between a 0.1 pixel 
uncertainty suggested by Willert and Gharib (199 1) for digital PIV and the uncertainty of 0.5 
pixels for integer displacements. A conservative uncertainty of 1 pixel is assumed for this 
study, corresponding to a velocity uncertainty between 2% and 5% of the particle mean 
velocity. 
4.4 Laser Doppler Anemometry 
Although PIV is an excellent tool for measuring significant spatial structure of flows, the 
technique cannot resolve temporal features in densely seeded flow. Together with the 
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measurement of the dynamic characteristics of streams of free falling irregular and spherical 
particles, the objectives of this study included also the investigation of the influence of 
particle shape on the air-phase properties in the presence of free falling particles in dilute as 
well as dense streams. For this purpose, Laser Doppler Anemometry was thus utilised. 
Laser Doppler Anemometer (LDA) was invented by Yeh and Cummins in 1964. LDA 
has been widely used in the last four decades and is nowadays a well-established non-
intrusive technique for fluid dynamic investigations in gases and liquids. LDA is based on a 
simple optical principle. When a particle passes through the intersection volume formed by 
the two coherent laser beams, the scattered light, received by a detector, has components 
from both beams. The components interfere on the surface of the detector. Due to changes in 
the difference between the optical path lengths of the two components, this interference 
produces pulsating light intensity, as a seeding particle moves through the measurement 
volume (Durst et al., 1976; Durrani and Greated, 1977; Drain, 1980). 
Figure 39 shows a schematic of a typical LDA system. The basic configuration of an 
LDA consists of a continuous wave laser, transmitting optics, receiving optics, a signal 
conditioner and a signal processor. The transmitting optics includes a beam splitter, usually a 
Bragg cell. This a glass crystal with a vibrating piezo crystal attached. The vibration 
generates acoustical waves acting like an optical grid. The Bragg cell produces two beams of 
equal intensity with frequencies f0 and f,hIn.  The two beams are focused into optical fibres, 
which transmit them to a probe. A lens focuses the parallel beams from the fibres. The 
focused beams intersect and form the measurement volume, referred to as probe volume. 
-81 - 









go \ 	 measuring volume 
backscatterèd light 
Figure 39 LDA system, with courtesy from Dantec Dynamics 
The probe volume is typically a few millimetres long. The light intensity is modulated due to 
interference between the laser beams. This produces parallel planes of high light intensity, so 
called fringes. The fringe distance d f is defined by the wavelength of the laser light and the 
angle between the beams. 
Each particle scatters light proportional to the local light intensity as it moves through 
the probe volume. The scattered light contains a Doppler shift, the Doppler frequency fD, 
which is proportional to the velocity component perpendicular to the bisector of the two laser 
beams. The scattered light is collected by a receiver lens and focused on a photo-detector. An 
interference filter mounted before the photo-detector passes only the required wavelength to 
the photo-detector removing noise from ambient light and from other wavelengths. The 
photo-detector converts the fluctuating light intensity to an electrical signal, the Doppler 
burst, which is sinusoidal with a Gaussian envelope due to the intensity profile of the laser 
beams. The Doppler bursts are filtered and amplified in the signal processor, which 
determines fD  for each particle, often by frequency analysis using the robust Fast Fourier 
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Transform algorithm. The fringe spacing, df provides information about the distance 
travelled by the particle whilst the Doppler frequency fD  provides information about the 
time: t = i/fD. The velocity is thus given by the product of the fringe spacing df and the 
Doppler frequency fD. 
4.4.1 LDA apparatus 
Three dimensional velocity measurements were carried out by using a three-component 
Dantec Laser Doppler Anemometiy system. The LDA system consists of one head housing 
pairs of frequency shifted green and blue beams and another head housing a pair of violet 
beams. The beams are split from their source at a 5-Watt Coherent Innova 90C Argon-ion 
laser. A fibre-optic system was used for delivery and collection, in back-scatter mode, with a 
beam spacing of 75 mm and a focal length of 800 mm. The probe volume has a length of 1.7 
mm and a nominal waist diameter of 126 p.m for the green beam, 1.9 mm by 141 p.m for the 
blue beam, and 1.8 mm by 133 p.m for the violet beam. 
Flow seeding was provided by using the ROSCO 1700 fog machine to manually pulse 
fog into the classifier model. The fog generator was located adjacent to the inlet of the tank. 
The fog particles have a mean diameter estimated to be 1 p.m, and a density relative to air of 
800. The very low seed to dispersed phase diameter ratio of about 3x 10 permitted to 
discriminate between the two phases in the measurement volume. The gas-phase properties 
were measured in the presence of glass spheres and crushed beads with diameter varying 
from 250 to 350 p.m. Particles with diameter from 106 to 180 p.m were considered too for 
comparison with the PIV measurements. In this case, seeding was not used. 
All measurements were obtained with the LDA heads positioned horizontally, normal to the 
direction of motion of the particle streams. Figure 40 shows a schematic of the LDA set-up. 
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Figure 40 LDA set-up 
The LDA heads were mounted on a Dantec 3-axis traverse. The traverse has a positional 
accuracy of 0.05mm in three orthogonal directions and was programmed to automatically 
execute the measurements at each axial position. A Burst Spectrum Analyser (BSA) 
automatically processes the recorded signal burst information. The raw LDA signals were 
converted to velocity data by means of a transformation matrix. This was calculated so that 
the axis orientation x, y and z of the traverse corresponded to the cross-stream velocity U, 
the tangential velocity V and the stream-wise velocity W, respectively. 
4.4.2 LDA experimental procedure 
Figure 41 shows the LDA traverse positions in millimetres plotted in the plane xy, 
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Figure 41 LDA measurements positions 
Figure 41 shows also the axis orientation used for the crosswise (U) and tangential (V). The 
stream-wise (W) velocity is orthogonal to the plane xy directed downwards and thus 
negative. Measurements were conducted along radial profiles at 43 selected transversal 
locations covering the particle stream centreline, the stream edges and the flow field outside 
the particle stream. 
LDA measurements were carried out at two vertical positions corresponding to the 
developing region and the self-similar region and located at 150 mm and 900mm downwards 
from the orifice outlet to match the PIV measurements (see Figure 36). Similarly to the PIV 
measurements, the experimental procedure for the LDA measurements consisted of the 
preparation of particles, data acquisition and particle collection. For the measurements of the 
gas-phase velocities, the tank was seeded before each measurement and let stabilise for ten 
- 85 - 
Chapter 4. Experimental set-up 
minutes. Once the seeding reached a uniform distribution inside the tank and the discharge 
device was ready, the experimental run was initiated. The traverse moved automatically and 
swept the flow field. The data was processed by the BSA and acquired in a 300 MHz PC. 
The measured time for each traverse location was 30s and the elapsed time for each test was 
about 25 minutes. 
In order to maximise the number of velocity measurements at each data point, the LDA 
was operated at different laser powers. Generally measurements at each location were 
undertaken with a laser power of 3.0W. 
Time-averaged measurements were performed in .burst-and-coincidence mode to 
provide simultaneous three-component velocity measurements. The number of data points 
varied between each measurement location, but was generally in the thousands. 
4.4.3 Data processing 
Instantaneous velocity measurements were carried out at each location over a sampling time 
of 30 seconds. Each series of measurements contained a different number of data points, this 
varying with the type of particle and the mass flow rate of the dispersed phase. The averaged 
data-rate varied from 500 to 1000, with an average time interval between each sample 
between 1 and 3 ms, which led to a maximum frequency of 1kHz. 
The discrimination between particle and gas velocities was carried out by amplitude 
separation. Figure 42 shows the velocity histogram at different locations for a dense stream 
of irregular particles with a mass flow rate in = I gls. Due to the diameter difference between 
the gas phase and the dispersed phase, the signal amplitude from the seeded air are much 
smaller than from particles and the velocity amplitudes of the two phase can be easily 
discriminated. Measurements recorded at the stream centreline are dominated by the 
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dispersed phase velocity, leading to very few data points. The dispersed phase shows a 
velocity peak at about 3 m/s, whereas the gas-phase phase velocity has a peak at about 0.4 
rn/s. Moving away from the stream centreline, the gas-phase becomes dominant whilst the 
dispersed phase gradually disappear leading to an increase in the number of recorded 
measurements and data rate. The difference in amplitude between the two phases is even 
more evident for spherical particles. Figure 43 shows the velocity histogram at different flow 
locations for a dense stream of spherical particles with mass flow rate m =1 g/s. The 
dispersed phase shows a velocity peak at about 3 m/s at the stream centreline, whereas the 
dispersed phase velocity has a peak at about 0.5 rn/s. 
The instantaneous velocity measurements increase dramatically in the case of dilute 
streams of particles. Figure 44 and Figure 45 show the velocity histograms for dilute streams 
of irregular and spherical particles, respectively. 
The gas-phase velocity was attained by the data series by simple amplitude filtering. 
Previous experiments (see chapter 5) have shown that irregular particle velocity in a stream 
of irregular particles with mean diameter d=300 .tm falling in air had a mean velocity 
varying from 1.5 to 2.3 rn/s, whilst the particle velocity varied from 2.5 to 3 rn/s for stream 
of spherical particles. The particle velocity range was filtered from the data series for each 
measurement yielding the gas-phase velocity. 
The series were processed by an amplitude filtering procedure to eliminate samples 
outside the expected range. The number of out of range samples was less than 0.1% of the 
total number of measurements for the gas phase. The amplitude filtering was based on the 3-
a-  rule (Kulick et al. 1993, and Hussainov et al., 2000), where a is the standard deviation 
defined as: 
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eq.61 
where wi is the instantaneous velocity and w is the mean velocity given by: 
- N 
W = 	 eq.62 
Wi 
Nl i=I 
The values of instantaneous velocity showing a fluctuating velocity outside the 3-or range 
were replaced by the average value of the nearest neighbouring samples. The standard 
deviation o was calculated again until all the values of the data series satisfied the condition 
w•:!~3 o. Figure 46 show the initial sequence of the instantaneous velocity for a dense stream 
of irregular particles falling in air as recorded by the LDA processor. The data series shows 
very clearly two clusters of data points corresponding to the two phases. 
Figure 47 shows the same data series as in Figure 46 after the particle velocity has been 
filtered. Similarly, Figure 48and Figure 49 show the instantaneous velocity for a stream of 
spherical particles falling in air and the resulting data series after filtering the dispersed 
phase velocity, respectively. As Figure 46 to Figure 49 show, the amplitude filtering was 
effective in discriminating between the two phases. 
The analysis of the gas-phase velocity time series showed that the presence of values 
outside the expected amplitude range resulted in an increase of the turbulent energy at the 
high frequencies, whilst the presence of long time gap between data led to an increase in the 
low frequency energy content of the spectra. These effects have been encountered also by 
other authors (see for example Hussanoiv et al., 2000). In order to obtain reliable energy 
power spectra of the turbulence, also linear time discrimination with a constant time step of 
0.25 ms was imposed on the filtered data. 
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Figure 42 Velocity counts for a stream of irregular particles in a dense flow, particle mass flow rate m =1 g/s 
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Figure 49 Sequence of gas-phase instantaneous velocity after the dispersed phase velocity has 
been filtered 
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4.5 Conclusions 
The focus of this study is the investigation of the effect of particle shape on the particle-
particle and air-particle-interaction mechanisms when streams of particles free fall in 
quiescent air. This chapter illustrated the experimental apparatus and techniques employed to 
accomplish these objectives. An experimental rig was constructed comprising a glass tank 
and a discharge mechanism to ensure an even particle mass flow rate. Two laser techniques 
were used. The dynamic behaviour of streams of irregular particles free falling in quiescent 
air was observed by means of a PIV system with auto-correlation. This set-up allowed 
producing vector maps of particle velocity in both developing and self-similar regions of the 
flow. The gas-phase properties in the presence of irregular and spherical particles were 
investigated by means of a three-component LDA. This system permitted to obtain 
information on the gas-phase mean and fluctuating velocities. 
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5 Dynamic behaviour of streams of 
irregular particles in free fall 
This chapter presents the results of the experimental observation of free-falling streams of 
irregular particles. The primary aim of the work reported in this chapter was to assess the 
influence of particle shape on the particle stream dynamics, as well as the effect of mass flow 
rate and particle concentration on the behaviour of the stream itself. 
Detailed information on spatially averaged particle velocity profiles and local particle 
velocity for different particle shapes, particle diameter, mass flow, rates and particle 
concentrations are reported. 
5.1 Introduction 
The objectives of the experimental investigation were the following: 
- to measure the terminal velocity profiles of streams of irregular particles and compare 
them to the velocity profile of streams of spherical particles 
- to assess the effect of particle mass flow rate on the stream velocity profile 
- to assess the effect of particle concentration on the stream velocity profile. 
These objectives were achieved by employing two laser techniques. Particle Image 
Velocimetry (PIV) was used to measure the terminal velocity profile of free falling streams 
of irregular particles and spherical particles. Experiments were performed under three 
different mass flow rate regimes. Spatially averaged particle velocity maps for both spherical 
IM 
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and irregular particles were obtained. For each particle shape, size, and mass flow rate 30 
different images were recorded in a sampling time of 30 seconds. The velocity data obtained 
by the image post-processing were then averaged over the 30 images (see Chapter 4). 
Laser Doppler Anemornetry (LDA) was used to measure the instant velocity of particles 
and assess the effect of particle concentration on the free falling stream. Experiments were 
performed under two different mass flow rate regimes and for two different particle 
concentrations. Detailed local particle velocity information for both irregular and spherical 
particles was obtained. 
Experimental particles consisted of glass beads and crushed glass powder having mass 
density p=2590 Kg/m3 . Particle diameters ranged from 45 to 180 tm for the PIV 
measurements, whilst particle diameters between 200 and 350 pm were considered for the 
LDA measurements. Both spherical and irregular particles were sieved into eight different 
diameter ranges: 45 to 75j.tm, 75 to 90 [tm, 90 to 106tm, 106 to 125 jim, 125 to 150 Pin, 150 
to 180 p.m. 200 to 250 p.m and 250 to 350 p.m. Although the resulting classification yielded a 
size distribution of irregular particles with a larger spread than spherical particles, the 
projected area diameter coincided with the sieve diameter for both spherical and irregular 
particles. The sieve diameter was selected as the characteristic size parameter for irregular 
particles. Details on the particle size analysis are reported in Chapter 3. In the following, the 
particle ranges are identified by the mean particle diameter. Table 4 summarises the flow 
characteristics for all experimental measurements presented in the following. 
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Shape dmjn d, dmean Particle Mean Experimental Rjet Volume Mass Inter TYPE 
density particle mass flow fraction loading particle OF 
pp velocity rate VpNair mp/mair spacing FLOW 
Lldp 
(urn) (urn) (urn) (kg/m3) (mis) (g/s) (mm) 
Sphere 45 75 60 2500 0.37 0.20 28 1.31E-04 0.27 15.86 dilute 
Irregular 45 75 60 2500 0.29 0.20 28 1.66E-04 0.35 14.68 dilute 
Sphere 75 90 82.5 2500 0.44 0.20 28 2.22E-04 0.46 13.31 dilute 
Irregular 75 90 82.5 2500 0.40 0.20 28 2.41E-04 0.50 12.94 dilute 
Sphere 90 106 98 2500 0.55 0.20 31 1.45E-04 0.30 15.33 dilute 
Irregular 90 106 98 2500 0.39 0.20 35 1.60E-04 0.33 14.86 dilute 
Sphere 106 125 115.5 2500 0.95 0.24 31 9.93E-05 0.21 17.40 dilute 
106 125 115.5 2500 0.96 0.33 31 1.35E-04 0.28 15.70 dilute 
106 125 115.5 2500 0.99 0.53 31 2.11E-04 0.44 13.53 dilute 
106 125 115.5 2500 0.96 1.02 31 4.64E-04 0.97 10.41 dilute 
Irregular 106 125 115.5 2500 0.92 0.23 35 7.68E-05 0.16 18.96 dilute 
106 125 115.5 2500 0.90 0.38 35 1.33E-04 0.28 15.80 dilute 
106 125 115.5 2500 0.92 0.63 35 2.15E-04 0.45 13.45 dilute 
106 125 115.5 2500 0.91 0.93 35 3.20E-04 0.67 11.79 dilute 
Sphere 125 150 137.5 2500 1.19 0.23 35 6.13E-05 0.13 20.44 dilute 
125 150 137.5 2500 1.12 0.52 35 1.44E-04 0.30 15.38 dilute 
125 150 137.5 2500 1.09 1.07 35 3.08E-04 0.64 11.93 dilute 
Irregular 125 150 137.5 2500 0.95 0.26 40 5.23E-05 0.11 21.55 dilute 
125 150 137.5 2500 0.89 0.68 40 1.83E-04 0.38 14.20 dilute 
125 150 137.5 2500 0.94 0.88 40 2.23E-04 0.47 13.28 dilute 
Sphere 150 180 165 2500 1.23 0.26 40 5.05E-05 0.11 21.80 dilute 
150 180 165 2500 1.25 0.45 40 8.66E-05 0.18 18.22 dilute 
150 180 165 2500 1.20 0.85 40 1.68E-04 0.35 14.61 dilute 
Irregular 150 180 165 2500 1.01 0.29 43 5.86E-05 0.12 20.75 dilute 
150 180 165 2500 1.05 0.42 43 8.37E-05 0.17 18.43 dilute 
150 180 165 2500 1.06 0.82 43 1.60E-04 0.33 14.84 dilute 
Spher 200 250 225 2500 2.25 0.30 40 3.18E-05 0.07 25.45 dilute 
200 250 225 2500 2.13 0.80 40 8.99E-05 0.19 17.99 dilute 
200 250 225 2500 2.24 0.80 40 8.52E-05 0.10 18.31 dilute 
Irregular 200 250 225 2500 1.68 0.30 50 2.73E-05 0.06 26.78 dilute 
200 250 225 2500 1.68 0.90 50 7.27E-05 0.15 19.31 dilute 
200 250 225 2500 1.80 0.90 50 6.79E-05 0.08 19.76 dilute 
Sphere 250 350 300 2500 2.72 0.30 8 6.58E-04 1.37 9.27 dense 
250 350 300 2500 2.48 1.00 14 7.87E-04 1.64 8.73 dense 
250 350 300 2500 2.60 0.30 50 1.76E-05 0.04 30.99 dilute 
250 350 300 2500 2.85 1.00 50 5.37E-05 0.11 21.37 dilute 
Irregular 250 350 300 2500 1.62 0.26 10 6.13E-04 1.28 9.49 dense 
250 350 300 2500 2.34 1.00 15 7.26E-04 1.51 8.97 dense 
250 350 300 2500 1.46 0.26 65 1.60E-05 0.03 31.98 dilute 
250 350 300 2500 1.85 1.00 60 5.74E-05 0.12 20.89 dilute 
Table 4 Experimental parameters 
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5.2 Effect of particle shape 
In this section, the velocity profiles of free-falling streams of irregular and spherical particles 
are compared in order to assess the effect of particle shape on the dynamic behaviour of 
particle streams. Results are presented in terms of terminal velocity and RMS velocity for 
irregular and spherical particles, and refer to measurements performed under a particle flow 
regime of 0.3 g/s, corresponding to a dilute flow with inter-particle spacing 15 :! ~ 	<_ 30. 
dp 
The PlY measurements were carried out on free falling streams of six different diameter 
ranges characterised by a mean particle diameter d of 60, 82.5, 98, 115.5, 125 and 165.5 
,um. The velocity data obtained by the image post-processing were then averaged over the 30 
images (see Chapter 4). Each set of measurements was repeated up to five times and the 
resulting data showed consistency throughout. Also, further LDA measurements performed 
under the same flow conditions confirmed this set of data and demonstrated the validity of 






where u, represents a sample velocity at the measuring point and N is the number of samples. 
This yields an averaged velocity map for each flow, to which the results presented in the 
following refer. 
The RMS fluctuation velocity was calculated as the root-mean-square of the average of 
the squared difference between the local velocity at the measuring point and the mean 
velocity at the same point and it is given by the following equation: 
S. 
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u ) 2 
eq.64 
where u is the local mean velocity as defined by eq. 63. 
In order to ensure that the velocity field was well developed, and the particles had indeed 
reached their terminal velocity, the velocity profiles computed by using the upper and the 
lower halves of each PIV image were compared. These exhibited no significant difference, 
as shown in Figure 50 for the case of particles having mean diameter d=ll5.5pm. Also, an 
averaged velocity along the vertical axis was calculated as the average of the vertical particle 
velocity across the centreline region of the stream and the flow edges. The resulting averaged 
velocities are shown in Figure 51 for mean-particle diameter d=137.5pm. Plots of averaged 
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Figure 50 Comparison of radial distributions of particle velocity obtained by averaging the 
lower half and the upper half of the PlY vector velocity map at the centreline of the particle 
stream. Solid symbols refer to the upper half of the PIV image, hollow symbols refer to the 
lower half of the PlY images 
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Figure 51 Stream-wise vertical velocity for free falling irregular and spherical particles with 
diameter d,, 125 to 150 pm. Solid symbols refer to stream centreline, hollow symbols refer to 
stream edge 
Data for particle diameter ranging from 250 to 350 jim were gamed by means of LDA local 
measurements at the flow outlet or developing region (z=50mm) 5 , at the flow mid-region 
(z=550mm), and at the developed or self-similar region (z=850mm). See Chapter 4 for 
details on LDA measurements. These measurements produced local velocity data and the 
results are shown in Figure 52 for streams of particles of sieve diameter d=300 pm. 
The co-ordinate z refers to a co-ordinate system relative to the glass tank in which measurements 
took place. The co-ordinate Z is an absolute vertical co-ordinate Z=z+0.05, where 0.05m is the 
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Figure 52 Stream-wise vertical velocity for free falling irregular and spherical particles with 
diameter d 250 to 350 lam. Solid symbols refer to stream centreline, hollow symbols refer to 
stream edges 
No significant increase or decrease in velocity appears in the plotted velocity distributions 
for any of the cases studied and therefore any evolution in the velocity profile associated 
with the control volume is considered very slow. 
The measured terminal particle velocity V ranged from 0.2 to 3.3 rn/s for spherical 
particles and between 0.1 to 2.9 m/s for irregular particles. Figure 53 to Figure 55 shows the 
mean, minimum and maximum values of terminal velocity for all streams of particles for 
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Figure 54 Minimum velocities of irregular and spherical particles 
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Figure 55 Maximum velocities of irregular and spherical 
These velocity values are ensemble-averaged and have been obtained by averaging the local 
particle velocity at each measuring point across the whole flow in the self-similar region. 
The terminal velocity of irregular particles has been found consistently lower than the 
terminal velocity of spherical particles. This could be caused by the increased drag force 
acting on irregular particles. The difference between spherical and irregular particle velocity 
increases with the particle diameter. The particle shape does not significantly affect the 
terminal velocity of particles belonging to the smallest diameter range. The irregular particle 
velocity becomes evidently lower than the spherical particle velocity for particles having 
diameter larger than 100 l.Lm. The difference in particle velocity due to particle shape is 
significant for particles belonging to the largest diameter range. 
The mean terminal velocity for each particle range was compared to empirical data 
predicted by Turton and Clark (1987) and Haider and Levenspiel (1984) (see Chapter 2 for 
details). The results are reported in Figure 56, where the Stokes Law is shown as well. The 
terminal velocity of spherical particles was well predicted by both empirical correlations for 
very small particle diameters, whereas Turton and Clark generally predicted the dynamic 
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behaviour of irregular particles better than Haider and Levenspiel. Haider and Levenspiel 
correlation was found to predict fairly well the behaviour of spherical particles with an 
discrepancy less than 15%, whilst it was found that Turton and Clark correlation 
underestimated the spherical particle velocity (Losenno and Easson, 2001). The spherical 
particle velocity was found to be higher than the single particle velocity predicted by the 
empirical correlations. This was because the particles fell relative to the downward airflow, 
the velocity of which become higher with increasing vertical distance. 
For all the experimental conditions reported in Figure 56, the flow is characterised by a 
0.5< Re <80 and experience a transition regime, namely Allen flow (0.2<Re<500), at which 
laminar vortex shedding takes place. However, the terminal velocity seems to exhibit a 
stepped behaviour, which could be related to changes in the flow regimes. A first step is 
shown at 0.3< V1 <1.5 m/s, corresponding to a particle Reynolds number 1 .5<Re<22 
(180<d<350pin for spherical particles and 230<d<350pm). A second step can be 
associated with 2<V,<3.5 m/s, corresponding to 24<Re<80 (45<d,<1 8Opm for spherical 
particles and 45<d<2301um for irregular particles). Under these conditions, the flow begins 
to separate, to form a closed recirculatory wake, which becomes larger as the Reynolds 
number increases. The separation from the particle surface is initially symmetric, then 
becomes unstable and periodic, and eventually fluid is shed from the wake. 
The particle velocity distributions for irregular and spherical particles of sieve diameter 
60, 137.5 and 300 gm are shown in Figure 57 to Figure 59, respectively. The whole set of 
experimental data are reported in Appendix to Chapter 5 (see Figure 144 to Figure 153). 
For all experimental conditions, the particle velocity distribution across the particle 
stream can be split into two zones, corresponding to the stream centreline and the stream 
edges. This configuration is typical of particle-laden jets and has been reported extensively 
in the literature. Similarly to irregular particles, the velocity of streams of spherical particles 
shows a profile's gradient decreasing with increasing particle diameter. 
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Figure 56 Comparison of experimental particle terminal velocity with empirical predictions 
The velocity profile of irregular particles is significantly more pronounced than for spherical 
particles with the same diameter, which show a more uniformly distributed velocity across 
the flow. It appears thus that free-falling streams of irregular particles are characterised by a 
tendency towards clustering behaviour. Irregular particles in the outer flow seem to 
experience a much higher drag than particles in the centreline causing a sharp velocity 
gradient across the particle stream. The migration of particles to this area of the stream 
determines a situation in which particles align themselves with the lines of centres 
perpendicular to the direction of motion. It would appear therefore that in the case of 
particles with lines of centres perpendicular to the flow, the drag force is higher for irregular 
particles than spherical particles. Similar results have been reported in a numerical study by 
Cheung et al. in 2001, where the drag force for two cylinders and two sphere was compared. 
A tentative explanation of this phenomenon may be given by considering the interaction 
between wakes behind particles. Further work on the dynamic forces between particles at 
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low Reynolds number is currently being undertaken at the School of Engineering and 
Electronics of the University of Edinburgh. 
This difference in velocity between centreline and outer flow seems to decrease with 
increasing particle size and the velocity gradually evolves into a smoother profile. 
As the particle diameter increases, the number of particles falling per unit time 
decreases for a constant mass flow rate and accordingly a considerably flattened profile can 
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Figure 57 Terminal velocity profiles of irregular and spherical particles of diameter d=82.5 j.sm 
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Figure 59 Terminal velocity profiles of irregular and spherical particles of diameter d=300 pm 
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5.3 The effect of particle mass flow rate 
This section describes the effects of varying mass flow rate on streams of free falling 
particles and it is an extension of the work described in Easson and Losenno (2002) and 
Losenno and Easson (2002). Velocity results refer only to particles of diameter between 106 
and 180 gm. Larger particle diameters were not considered because of the limitations 
imposed by the PIV technique employed. Experimental measurements were performed under 
three different mass flow rate regimes, i.e. 0.3, 0.5 and lg/s. During each test, the mass flow 
was kept constant and effort was made to guarantee a smooth discharge of particle (see 
Chapter 4). It is well known that the mass flow rate from an orifice under gravity is 
dependent on the orifice diameter solely if the particle head is small enough, and that a 
smooth particle discharge is achieved when the orifice to particle diameter ratio is bigger 
than 5. In order to guarantee a constant mass flow rate, a minimum orifice to particle 
diameter ratio of 8 was considered for all the experiments. The expected mass flow rate was 
calculated by using the empirical correlation given by Beverloo et al. (1961) for a circular 
orifice: 
2 =0.583pb (D_1.4dP ) 2 f 
eq.65 
where pb is the bulk density of powder, D is the orifice diameter, d is the particle diameter 
and g is the gravitational acceleration. The bulk density of the experimental particles varied 
between 1900 and 2000 kg/m3. Figure 60 and Figure 61 show the comparison of empirical 
and experimental mass flow rate for particle diameter of 115.5 and 165 gm, respectively. 
The mass flow rate plots for the whole set of experimental particles can be found in 
Appendix to Chapter 5 (see Figure 154 toFigure 161). 
Figure 60 and Figure 61 show that, at any given orifice diameter, the mass flow rate of 
irregular particles was always smaller than for spherical particles. Irregular and spherical 
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particles tend to have a similar mass flow rate for small orifice diameter, whilst spherical 
particles flowed more easily at larger orifice diameters. This may be due to the higher 
packing density for spherical particles for a given orifice diameter. The experimental mass 
flow rates for spherical particles follow very well the expected mass flow rate, whereas 
irregular particles diverge from the trend suggested by Beverloo et al. (1961) especially for 
larger orifice diameters. 







where D is the orifice diameter and d i,, is the sieve diameter, defined as the width of the 
minimum square aperture through which the particle will pass (Black et al., 1996). The 
proposed equation is valid only in the experimental regime considered Re<80. 
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Figure 60 Empirical and experimental mass flow rate for streams of particle with diameter 













Chapter 5. Dynamic behaviour of streams of irregular particles in free-fall 
1.6 





















1.4 	1.0 	1.0 	£.0 	£L 	£ 	£0 	£0 	.).V 	.)L 
D, mm 
Figure 61 Empirical and experimental mass flow rate for streams of particle with diameter 
d=165 gm as a function of the hopper orifice diameter 
The radial profiles of the mean terminal velocity and fluctuating velocity of spherical and 
irregular particles with diameter d106 to 125 jtm are illustrated in Figure 62 to Figure 64. 
The terminal velocities of spherical and irregular particles having diameter d= 106 to 125 ,um 
are very close in value and have a very similar velocity distribution across the flow Both 
profiles show maximum velocity at the flow centreline and minimum velocities at the edges 
of the flow. As the mass flow rate increases, the velocity of the particles in the flow edges 
increases whereas the velocity at the stream centreline seems to decrease slightly especially 
in the case of irregular particles. For m 1 gls the velocity profiles evolve into a bimodal 
distribution and show two peaks in the vicinity of the flow centreline and lower values at the 
stream centreline. An explanation is tentatively proposed involving particle-particle 
interaction. Initially, the particles nearest the edges experience the greatest drag force 
creating a profile with a peak velocity at the centre. Particles in the middle of the stream are 
pushed towards the outside by repulsive forces (Easson, 2005), resulting in an increased 
concentration of particles away from the centre. There are two consequences of this. Firstly, 
the core flow is now leaner, and will therefore reduce in velocity. Secondly, the annular flow 
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is more concentrated, and will therefore increase in velocity, resulting in the characteristic 
double peak. The fluctuation velocities show maximum values of 0.25 m/s at the flow 
centreline for both spherical and irregular particles and do not appear to show a significant 
trend at different mass flow rates. - 
The velocity profiles of particles with diameter d'=137.5 and 165 um are shown in 
Figure 65 to Figure 70. Again it can be observed that an increase in mass flow rate produces 
a change in the velocity gradient in the flow edges eventually yielding a bi-modal profile 
with higher velocity in proximity of the flow centreline. As a result the profile becomes 
concave. This effect appears to be more pronounced for streams of irregular particles than 
spherical particles. 
The bi-modal profile seems to be less pronounced for particle of larger diameter. While 
it was still noticeable in the velocity profile of particle with diameter between 200 and 250 
j.tm, it was not observed for particles of diameter between 250 and 350 pm (see Figure 86 
and Figure 87). 
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Figure 62 Radial profiles of mean terminal velocity and fluctuation velocity of spherical and 
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Figure 63 Radial profiles of mean terminal velocity and fluctuation velocity of spherical and 
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Figure 64 Radial profiles of mean terminal velocity and fluctuation velocity of spherical and 
irregular particles of diameter from 106 to 125 .&m at m =lg/s 
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Figure 65 Radial profiles of mean terminal velocity and fluctuation velocity of spherical and 
irregular particles of diameter from 125 to 150 &m at m =0.3 g/s 
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Figure 67 Radial profiles of mean terminal velocity and fluctuation velocity of spherical and 
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Figure 68 Radial profiles of mean terminal velocity and fluctuation velocity of spherical and 
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Figure 69 Radial profiles of mean terminal velocity and fluctuation velocity of spherical and 
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Figure 70 Radial profiles of mean terminal velocity and fluctuation velocity of spherical and 
irregular particles of diameter from 150 to 180 pm at m =lg/s 
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5.4 The effect of particle concentration 
The effect of particle concentration on streams of irregular and spherical particles in free fall 
was assessed by means of Laser Doppler Anemometry. Measurements were carried out at 
both the developing region and the self-similar region, located at Z=l 50mm and Z=900mm 
downward from the orifice outlet (see Chapter 4 for details on LDA measurements). For this 
study, only the particle diameter d=300 tm was considered. Two different mass flow rates 
m = 0.3g / s and m = lg / s were considered. The experimental set-up was modified in order to 
attain a dilute flow and a dense flow. A mesh placed below the hopper's orifice allowed for a 
dilute flow, whereas a dense flow particle stream was produced by removing the mesh. 
Consequently, two different flow regimes characterised by different inter-particle spacing 
were attained. The different flow regimes were characterised by different particle dispersion. 
The particle spatial distribution is described by the radius of the stream Rstream  defined as the 
maximum distance from the stream centreline for which 90% of the particles were detected 
during the experimental measurements. The radius Rstream therefore describes the growth of 
the jet edge. The values of RSfream  and the experimental flow regimes are reported in Table 5. 
A sketch of the particle stream and the resulting radius Rsfream are illustrated in Figure 71. 
MASS FLOW MASS INTERPARTICLE STREAM 
RATE FRACTION SPACING RADIUS 
L 
M 	gis a,, 
R 1,,,,,,, mm 
Irreg300 
Dense 0.30 6.13E-04 9.49 19 
flow 1.00 7.26E-04 8.97 	. 19 
Dilute 0.26 1.60E-05 31.98 56 Irregular particles 
d=250 to 350 tm flow 1.00 5.74E-05 20.89 65 
Dense 0.30 1.68E-03 6.77 14 Spher300 flow 1.00 2.41E-03 6.01 12 
Dilute 0.30 1.76E-05 30.98 42 Spherical particles 
d=250 to 350 .tm flow 1.00 5.37E-05 21.37 56 
Table 5 Flow characteristics 
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Rstream  is the 
maximum dist 
from the streai 
centreline for 
which 90% of 
particles are 
detected 
Figure 71 Radius of the particle stream 
Information on particle concentration was elaborated by the Burst Spectrum Analyser 
(BSA), which processed automatically the recorded signal burst information and produced a 
particle count for each experimental measurement. It was therefore possible to map the 
particle number density ñ across the flow, defined as the number of particles per unit spatial 
volume. The distributions of the particle number density in the developing region are shown 
in Figure 72 to Figure 75. Figure 72 and Figure 73 show the percentage particle number 
density in the developing region for low volume fraction (dilute flow) and high volume 
fraction (dense flow), respectively, under a mass flow rate regime of 0.3 g/s. Dilute streams 
of particles exhibited a wide spread, reaching 50 mm radius from the stream centreline, 
whilst dense streams of particles showed a very dense concentration in the centreline. No 
significant difference was observed between streams of irregular and spherical particles in 
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the developing region neither at low mass flow rate, nor at the high mass flow rates, as 
shown in Figure 74 to Figure 75. 
Figure 76 to Figure 79 show the particle number density in the developed region of the 
flow. As shown in Figure 76 and Figure 78, a dilute stream of particles, -i-- -'30, tends to 
scatter in a larger radius than a dense one. Irregular and spherical particles show a similar 
distribution. A higher mass flow rate does not seem to influence the density of particles in 
the dilute stream. The only noticeable effect is that an increasing mass flow rate renders the 
particle concentration more homogenous across the stream. This is true for both particle 
shapes. Therefore, a particle in the stream does not seem to interact with or be affected by 
other particles in the stream. 
Figure 77 and Figure 79 show the number density of dense streams of particles, i.e. 
CIP 
 <10. These figures show that the particle concentration increases in the flow centreline 
with increasing mass flow rate. This is true for both irregular and spherical particles, 
although the irregular particle stream tends to be consistently more spread out than the 
stream of spherical particles. At higher mass flow rates, a dense stream of irregular particles 
tends to scatter in such a way that 50% of particles are within 5 mm radius from the stream 
centreline. Spherical particles seem to concentrate in a smaller region of the stream, 50% of 
particles being within 2 mm radius of the stream. This result indicates that with increasing 
mass flow rate, and therefore increasing volume fraction and particle number density, 
particles tend to occupy a smaller region of the stream. 
One estimate of the diffusion is the outer radius occupied by the particles Rstream. The 
values of the particle stream outer radius Rsgream, are reported in Table 5 and plotted in Figure 
80 and Figure 81. The number count is based on a radial distribution of particles. The 
cumulative particle counts for dilute and dense streams of particles are illustrated in the 
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Appendix to Chapter 5 (see Figure 162 and Figure 163). As shown in Figure 80 and Figure 
81, at higher volume fractions, i.e. L- <10, a dense jet of free-falling particles tends to 
d 
concentrate in a smaller region than a dilute stream. The outer radius of a dilute stream of 
irregular particles can reach 70 mm, whereas a dilute stream of spherical particles will spread 
in a smaller volume. The outer radius of a dense stream of particles does not seem to change 
significantly with increasing mass flow rate. There is some uncertainty in defining a radius 
for the particle stream based only on the particle count. Another definition of outer radius is 
given as the radial position whereby the velocity is equal to 90% the velocity at the 
centreline. The stream radius R.tream  is therefore the radial position x at which the following 
condition is satisfied: 
(Wg,centreiine - w,,)<0.9 W(,cenfre/jne 
eq.67 
where W$,Centreline is the terminal velocity at the stream centreline, corresponding to a radial 
position -1 <r<1, and w,, is the velocity at stream location x. The two stream radii Rsgream and 
L 
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Figure 72 Particle density of dilute streams of irregular and spherical 
particles in the developing region, th =0.3g/s 
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Figure 74 Particle density of dilute streams of irregular and spherical 
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Figure 73 Particle density of dense streams of irregular and spherical 
particles in the developing region, th =0.3g/s 
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Figure 75 Particle density of dense streams of irregular and spherical 
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Figure 77 Particle density of dense streams of irregular and spherical 
particles in the developed region, m 0.3g/s 
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Figure 78 Particle density of dilute streams of irregular and spherical 
particles in the developed region, th =lg/s 
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Figure 79 Particle density of dense streams of irregular and spherical 
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Figure 80 Diffusion of powder jet as a function of vertical position z th =0.3g/s 
A 	lrreg300 dilute flow 
• 	Spher300 dense flow 
£ 	lrreg300 dense flow 
o 	Spher300 dilute flow  
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Figure 82 Outer stream radius R5gram  based on 90% particle count 
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Figure 83 Outer radius R;fream  based on 90% of stream centreline velocity 
- 123- 
Chapter 5. Dynamic behaviour of streams of irregular particles in free-fall 
The radius Rs,ream  of a stream of irregular particles appears to change greatly with increasing 
concentration. The diffusion of the powder jet decreased significantly with increasing 
volume fraction for both particle shapes. In the case of a dilute particle stream with inter-
particle spacing of 32 and low mass flow rate, Rsgrm  is nearly 60 mm for irregular particles 
and about 40 for spherical particles. An increase in mass flow rate causes an increase in 
Rstream  and emphasises the divergence in stream radius in the presence of irregular and 
spherical particles for a dilute flow. Figure 83 shows the radius Riream  at which the velocity 
drops from the centreline value. Despite the larger spread of irregular particle stream, the 
drop in velocity occurs in a much smaller radius Rtream  in the presence of irregular particles 
than in the case of spherical particles at any given inter-particle spacing. 
The velocity profile for irregular and spherical particles with different volume fraction 
and mass flow rates are shown in Figure 84 to Figure 87. Empirical predictions formulated 
by Haider and Levenspiel (1987) and Turton and Clark (1989) are presented too. The dotted 
line shows the terminal velocity of a spherical particle having diameter d300 tm according 
to Haider and Levenspiel (1989) prediction given by eq.68 to eq.70: 
d 
=(3 
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where u and d are respectively dimensionless velocity and diameter, Pi  is the fluid density 
and ps the particle density. The terminal velocity of a spherical particle predicted by Turton 
and Clark (1989) is shown as a dashed line. According to Turton and Clark, the terminal 










where d. is defined by eq.68. The velocity profiles in the developing region are shown in 
Figure 84 and Figure 85 for m=03g/s and m=lg/s, respectively. It can be seen that at a 
distance of 100 mm from the hopper outlet the particle velocity is well below the terminal 
velocity of a single sphere for all the flow condition considered. However, the velocity 
profiles already show a steeper gradient for dense flows than dilute flows with a peak in the 
centreline of dense particle stream. 
The terminal velocity profiles are shown in Figure 86 and Figure 87 for m=0.3g/s 
and in = lg/s, respectively. The terminal velocity of an irregular particle in a dilute stream 
was found consistently lower than the predicted values for a single sphere. In the case of a 
dense flow, the increase in mass flow rate caused a significant increase in the velocity of 
irregular particles at the stream centreline. The maximum velocity of irregular particles 
increased by nearly 25% from 2 to 2.5mIs and approached the velocity of a single sphere. 
The terminal velocity of a spherical particle in the stream was almost always larger 
than the free-falling velocity of a single sphere. In the case of a dilute flow, the terminal 
velocity of a sphere in the stream edges was found to be very close to the value predicted by 
Haider & Levenspiel (1987) and to exceed slightly such a value in the stream centreline. 
With increasing volume fraction, the terminal velocity of a sphere in the flow edges can still 
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be well predicted by the equations proposed by either Haider & Levenspiel or Turton & 
Clark. However, the velocity of sphere in the flow centreline is significantly higher than the 
expected value. These results suggest that a particle belonging to a dense stream falls in a 
downward airflow rather than in stagnant air, .and that the surrounding air is entrained in the 
powder stream. Similar results have been observed by Ogata et al. (2001). 
The increase in volume fraction also caused an increase in particle velocity at the 
stream centreline for both particle shapes. Thus the volume fraction affected the gradient of 
the radial profile of the particle velocity. Dilute streams of particles showed a homogenous 
distribution of velocity across the flow. A dense stream of particles was characterised by a 
steep velocity gradient. The difference between centreline velocity and velocity at the stream 
edges reached up to 60% in the case of irregular particles and was around 25% for a stream 
of spherical particles. However, the particle velocity at the edges of the jet was not affected 
by the volume fraction and did not show any significant increase. 
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Figure 84 Velocity distribution of irregular and spherical particles in the developing region, 
m=O.3g/s 
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Figure 85 Velocity distribution of irregular and spherical particles in the developing region, 
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5.5 Back-calculation of the sphericity of irregular 
particles 
Most correlations available to predict the terminal velocity and the drag coefficient of non-
spherical particles are based on the sphericity P or the equivalent spherical diameter dh. 
The sphericity is defined as the ratio between the surface of a sphere having the same 
volume as the particles and the actual surface area of the particles (Wadell, 1934). The 
equivalent spherical diameter d5 h is the diameter of a sphere having the same volume as the 
actual particle. The correlation proposed by Haider & Levenspiel (1989) for non-spherical 
particles is based on sphericity as the characteristic dimension. The dimensionless velocity of 
non-spherical particles is given by the following equation: 
r 18  (2.3348-1.7349) 
d. 	d5 	] 
eq.72 
In this work, the sieve diameter was considered as the characteristic dimension also for 
irregular particles for three reasons. Firstly, the particles used for the experiments were 
irregularly shaped and the surface area of the particles was not known. Secondly, the particle 
analysis described in Chapter 3 showed that Feret diameter and the projected area diameter 
coincided with the sieve diameter for both irregular and spherical particles. Thirdly, the sieve 
diameter is the geometric parameter normally used for sizing in industrial applications. 
The correlations proposed by Haider and Levenspiel (1989) were employed to back-
calculate the sphericity of the experimental particles. Haider and Levenspiel suggested the 
following equation to predict the drag coefficient of spherical particles: 
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24 
CD = . (1+0.1806 Reo-64'9)  + 0.4251 
Re 	 . 	6880.95 1+ 
Re 
eq.73 
According to Haider and Levenspiel (1989), the following equation can be used to predict 
quite accurately the drag coefficient of non-spherical particles:
24 
CD = - [i + (8.1716 exp(-4.0655(D)]Re°°9°'5565 
+ 73.69 Re exp(-5.748) 
Re 	 Re+ 5.378exp(6.2122D) 
eq.74 
eq.74 applies to a single particle. For the experiments reported here, the local slip velocity in 
the centre of the flow stream is not known. In order to rid the wake effect due to the presence 
of many particles, the, velocity of particles measured at the edge of the stream was 
considered for the calculation of the particle Reynolds number Rep . It is in fact at the edges 
of the stream that the velocity of the particles approaches the single particle velocity and 
coincides with the minimum velocity v,,,,, as shown in Figure 84 to Figure 87. 
Figure 88 shows the comparison between experimental drag coefficient and expected 
results, where the predicted values for spherical particles are represented by a solid line 
whilst the dash lines refer to non-spherical particles. For all the experimental cases, spherical 
particles manifest velocities very close to the values predicted by Haider and Levenspiel for 
spheres. Irregular particles instead have velocities laying on the curves for 0.6 to 0.8, 
which is consistent with the microscope observation of the particle shape (see Chapter 3 for 
images of irregular particles). 
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Haider&Levenspiel 
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Figure 88 Drag coefficient versus Reynolds number, solid symbols refer to spherical particles 
and open symbols refer to irregular particles 
Figure 88 also shows that the drag coefficient of irregular particles diverge significantly from 
that of spherical particles at Reynolds number larger than 10. The different results for 
irregular and spherical particles seem to suggest that there is a transition taking place at 
particle Reynolds numbers —5. Below this value, the flow around the particles may be 
expected to be completely laminar, and spherical and irregular particles both behave in a 
similar fashion. This may be assumed to be due to a symmetric up-stream and down-stream 
flow profile. At Re>5, it is postulated that the irregular shape of the particle produces an 
early separation of the laminar boundary layer, which increases the drag of the non-spherical 
particles. Similar behaviours have been observed from other authors for non-spherical 
particles, see for example Wieselsberger (1922) for cylinders and more recently by Tran-
Cong et al. (2004). Furthermore, the result observed earlier, that the irregular particles adopt 
a bimodal profile at lower mass flow rates but only for particles at intermediate Reynolds 
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numbers (4< Re<l 8), indicates that this may also be due to the early separation of the 
laminar boundary layer around an irregular particle. It is therefore also likely that the 
particle-air-particle interactions in clusters of particles, such as ropes in dispersed two-phase 
flow, are strongly influenced by the particle Reynolds number regime in which they operate, 
and that the early separation and wake formation in irregular particles is responsible for the 
differential behaviour of spherical and irregular particles in these circumstances. A new 
project is underway at the University of Edinburgh to look more closely at the wake 
interactions between particles at low Reynolds. 
These results confirm that the dynamic behaviour of irregular particles belonging to the 
smallest diameter range is very similar to the behaviour of spherical particles. Larger 
irregular particles show a distinct dynamic behaviour characterised by a transition regime 
and subsequent vortex separation at much lower Reynolds numbers than spherical particles. 
5.6 Conclusions 
The effect of particle shape, mass flow rate and particle density on the free-falling velocity 
of streams of irregular particles was explored experimentally. Results showed that the 
terminal velocity of irregular particles was consistently lower than the velocity of spherical 
particles. Small irregular and spherical particles exhibited a similar dynamic behaviour, and 
the particle stream was not significantly shape-dependent. Significant differences between 
spherical and irregular particles were observed for the larger particles. The main results were 
as follows: 
• Effect of shape: the terminal velocity of irregular particles was consistently lower than 
the velocity of spherical particles, especially for larger diameters, demonstrating that 
shape matters. The RMS velocity fluctuation of irregular particles was similar to that of 
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spherical particles for small particles and higher than that of spherical particles for larger 
particles. 
• Effect of the stream: the terminal velocity of spherical particles across the stream was 
significantly higher than the expected single particle velocity at the flow centreline and 
approached the single particle velocity at the edges of the stream, where the velocity was 
minimum. The largest difference between the velocity at the centreline and at the flow 
edges manifested itself in the stream of irregular particles, indicating a greater tendency 
towards clustering and roping behaviour for irregularly shaped particles. 
• Effect of mass flow rate: at any given orifice diameter, the mass flow rate of irregular 
particles was always lower than for spherical particles. A new empirical correlation was 
computed to predict the irregular particles mass flow rate: 
. 
m=0.l36pb(D—O.6l'"si eve ) 2•35
, f 
For particle diameters between 106 and 180 mm (4<Re<18), the particle velocity 
evolved into a bimodal velocity profile at higher mass flow rate, whereby the velocity 
profiles show two peaks in the vicinity of the flow centreline and lower values at the 
centreline. This was achieved by irregular particles at lower Reynolds number than 
spherical particles. 
Effect of concentration: irregular particles showed a larger spread than spherical 
particles. In the case of a dilute flow, the velocity was uniformly distributed across the 
flow. An increase in mass load caused an increase in the jet centreline velocity. The 
velocity profile of dense streams of particles was very pronounced and showed a steep 
gradient. irregular particle exhibited the largest velocity gradient. An increase in mass 
load also yielded a reduction in the radius at which significant drop of particle velocity 
from the centreline value in the case of irregular particles and a more homogenously 
distributed velocity across the stream of spherical particles. 
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Comparison with empirical results showed that the free falling velocity of a particle in the 
stream is larger than that of the single particle in an unbounded fluid. The sphericity of 
irregular particles was back calculated by means of a correlation proposed by Haider and 
Levenspiel (1989). It was found that sphericity varied between 0.6 and 0.8, which was 
consistent with the microscope analysis of the irregular particles. 
The comparison of the drag coefficient of irregular and spherical particles confirmed 
that dynamic behaviour of irregular particles belonging to the smallest diameter range was 
very similar to the behaviour of spherical particles. Larger irregular particles showed a 
distinct dynamic behaviour characterised by a transition regime and subsequent vortex 
separation at lower Reynolds than spherical particles. 
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6 Air-particle interaction 
This chapter presents a study on the effect of the solid phase on the dynamic properties of the 
continuous phase. The influence of streams of particles falling in stagnant air on the mean 
and turbulent properties of the gas phase was investigated experimentally for particles 
having Reynolds number in the range 22-75. The turbulent properties of the gas-phase were 
therefore due to relative motion of particles solely. Mean and r.m.s. velocity profiles, 
turbulence intensities and temporal spectra of the gas phase are shown for streams of 
irregular glass bids and glass spheres. The effect of particle shape on turbulence generation is 
explored. 
6.1 Introduction 
The influence of solid particles on both mean and turbulent characteristics of the gas phase is 
essential for the correct modelling of two-phase flow fields. Understanding the interaction of 
solid particles with a gas flow is important to improve the design of engineering devices in 
numerous industrial applications, such as combustion of pulverised coal and pneumatic 
conveyance of solid materials, and natural processes such as the dispersion of pollutants. 
Two major reviews are available in the literature. Gore and Crowe (1989) analysed the 
most relevant experimental investigation of turbulence modulation and suggested that the 
modification of turbulence due to the presence of particles in the carrier flow depends on the 
ratio of the particle diameter 4, to the integral length scale of turbulence LE.  They showed 
that particles attenuate turbulence if this ratio is below 0.1 and enhance turbulence if the ratio 
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is larger than 0.1. The other major review of particle effect on turbulence modulation was 
conducted by Hestroni (1989), who argued that a criterion for determining turbulence 
modulation could be based solely on the particle Reynolds number Rep . The analysis showed 
that for Re,,>400 wake effects become predominant leading to an augmentation of the gas 
turbulence. 
Past studies, however, have suggested that turbulence modulation caused by the 
particles dispersed in the continuous phase is system dependent and can cause either 
enhancement or attenuation of turbulence. These differences in behaviour may be caused by 
several phenomena: the presence of particles modifies mean velocity distributions and the 
increased dissipation is counteracted by disturbances due to growing particle wakes which 
supplements turbulent generation by single-phase mechanisms, particularly when the relative 
velocities are large. The interpretation of turbulence is rendered simpler in homogenous 
flows with turbulence generation. Turbulence generation is the perturbation of the 
continuous-phase flow by the wakes of the dispersed phase and is most important when 
relative velocities between the phases are large. 
Homogenous turbulence generated by uniform fluxes of particle streams is the subject 
of the work reported here. The objective of this set of experiments was to assess the effect of 
particle shape of the dynamic properties of the gas phase in a stationary homogenous flow, 
whereby all turbulence properties are due to turbulence generation caused by particle motion. 
LDA measurements were carried out on free falling streams of spherical glass beads and 
irregular crushed particles with diameters from 250 to 350 um. A three-dimensional Laser 
Doppler Anemometry (LDA) operating in back-scattering arrangement was used to measure 
the instantaneous velocity. Experiments were carried out in a glass tank lmxlmxlm large 
enough to avoid any wall effects on the particle streams dynamics (see Chapter 4). The 
particles of the dispersed phase were introduced in the glass tank. by a specially designed 
hopper mounted above the glass tank. Smoke with a particle size of 0.1 gm was used as 
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tracer to measure the air velocity within the tank. Mean and fluctuating velocities of both 
solid and dispersed phases in the stream-wise and cross-stream directions were sampled at a 
stream-wise (vertical) distance from the particle release of z=900 mm and along the 
transversal direction at several locations over a radius of 130 mm from the particle stream 
centreline. The discrimination between dispersed and gas-phase velocities was carried out by 
amplitude separation. Due to the diameter difference between the seeding particles and the 
dispersed phase, the signal amplitude from the seeded air were much smaller than from 
particles and the velocity amplitudes of the two phase could be easily discriminated. Details 
on the data processing are reported in Chapter 4. 
The Reynolds number of the dispersed phase Re based on terminal particle velocity wa,, 
varied from 22 to 75. Two experimental configurations were employed in order to vary the 
particle concentration (see chapter 4). A metallic mesh located under the experimental 
hopper allowed for a dilute particle concentration. The inter-particle spacing Lid,, for the 
dilute flow varied from 20 to 30. The configuration without the metallic mesh yielded a 
dense flow, whereby the inter-particle spacing Lid,, varied from 6 to 10. The particle 
displacement therefore varied from 7 to 10 mm for the dilute flow and from 2 to 3 mm for 
the dense flow. Mass loadings of 3x 1 2 to 10' for the dilute configuration and 1 to 6 for the 
dense flows were attained. The experimental conditions are summarised in Table 6. 
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2500 2500 2500 2500 2500 2500 2500 2501 
d(mm) 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0. 
WP (MIS) 1.62 2.34 2.72 2.85 1.46 1.85 2.60 2.71 
ñ(kpartlrn2s) 70,253 187,643 126,659 551,440 1,662 5,514 3,518 10,801 
Re 32.17 46.43 54.08 56.62 28.96 36.72 51.75 53.6 
CD 2.00 1.63 1.50 1.47 2.13 1.86 1.54 1.51 
a 6E-04 7E-04 7E-04 8E-0 2E-05 4E-05 2E-05 5E-0 
L(mrn) 2.85 2.32 2.78 1.73 9.57 6.95 9.05 6.21 
W1 0.50 0.68 0.44 0.80 0.34 0.66 0.34 0.5 
Vj 1.51E-05 1.51E-05 1.51E-05 1.51 E-05 1.51E-05 1.51E-05 1.51E-05 1.51E-0l 
p1 (kglrn3) 1.20 1.20 1.20 1.20 1.20 1.20 1.20 1.21 
W=W-Wj(rnIs) 1.12 1.66 2.28 2.05 1.11 1.19 2.27 2.1 
E (M2/S3) 6.26 29.82 35.00 120.03 0.16 0.51 0.98 2.61 
1k(fl1fl1) 0.11 0.09 0.10 0.07 0.29 0.22 0.24 0.11 
tk(ms) 1.55 0.53 0.66 0.31 5.61 3.08 3.86 2.21 
uk(rn/s) 0.13 0.17 0.15 0.22 0.05 0.07 0.06 0.01 
6 1.50E-04 4.33E-05 1.30E-04 1.28E-0 1.55E-04 1.45E-04 1.32E-04 1.30E-0 
0.15 0.14 0.08 0.09 0.11 0.15 0.04 0.06 
Table 6 Experimental conditions 
In the following the term dilute flow will be used to refer to flow conditions characterised by 
2x10 5 <a< 5x105, whilst dense flow refers to flow condition with 6x10 -4<a< 8x10 4 (see 
Chapter 2 for the definition of dilute and dense flows). Similarly, low mass flow rate and 
high mass flow rate refer to m =0.3 g/s and m =1 g/s, respectively. 
6.2 Air mean velocity 
Stream-wise and transversal components of the mean and r.m.s. fluctuation velocity were 
measured. Figure 89 shows the velocity profiles of both continuous and dispersed phase for 
the dense flow. In the figure, the span-wise position r is the radial distance measured from 
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the particle stream centreline, which coincides with the orifice centre of the discharging 
hopper. It is found that the velocity profile of the continuous phase in the presence of 
irregular particles is similar to that in the presence of spherical particles. Stream-wise 
velocity of the gas phase w1 shows a similar profile to that of the dispersed phase. The 
velocity is largest at the stream centreline and gradually decreases at the stream outflow. The 
particle shape therefore does not seem to • influence the mean velocity profile of the 
continuous phase significantly. However, both particle mass flow rate and particle density 
affects the continuous phase velocity. 
Figure 89(a) and (c) show the velocity profile of dispersed and continuous flow at the 
lower particle mass flow rate of m =0.3 g/s, whilst Figure 89(b) and (d) show the velocity 
profile at the higher mass flow rate m =l g/s. The stream-wise velocity increases. 
significantly in the stream centreline with increasing mass flow rate. Mean air velocity at the 
stream centreline rises from 32 to 40% of the mean dispersed phase velocity in the presence 
of irregular particles. In the case of a stream of spherical particles, the air velocity varies 
between 20 to 30% of the dispersed phase velocity at the centreline. 
The effect of particle mass flow rate on the air velocity radial distribution is found also 
in the case of dilute streams of particles. Figure 90 shows the mean air-velocity distribution 
in the presence of dilute streams of irregular and spherical particles. The continuous phase 
velocity increases with increasing mass flow rate. In the presence of irregular particles, the 
air velocity varies from 33 to 50% of the particle velocity at the stream centreline. The 
increase due to a higher mass flow rate is significantly lower in the presence of spherical 
particles, the air velocity at the stream centreline varying between 15 and 23% of the 
spherical particle velocity at the stream centreline. 
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The effect of the particle concentration is visible in a slightly flattened distribution of the air 
velocity in the presence of a dilute stream of particles, especially at the lower mass now rate. 
It is also found that the air-velocity profile in the presence of irregular particles shows a 
steeper gradient than in the case of spherical particles at the higher mass flow rate, 
reproducing the particle velocity distribution. 
The air-velocity profiles in the presence of dense streams of particles shown in Figure 
89 exhibit a change in the profile gradient at the flow edges of the stream. This property of 
the flow is less evident for the case of dilute streams of particles at a low mass flow rate and 
manifests itself again at the high mass flow rate. 
The spatial dispersion of the particle stream is described by the outer stream radius 
Rstream, defined as the maximum distance from the stream centreline for which 90% of the 
particles were detected during the experimental measurements (see section 5.4 for a 
description of the stream radius). Figure 91 and Figure 92 show the mean air-velocity 
distribution normalised by the air-velocity at the centreline in the case of dilute streams of 
particles. The transversal position has been normalised by the outer stream radius RSfream . The 
outer stream radius of the particle jet is defined as the radius at which the particle number 
reaches 90% of the total particle number density (see Chapter 5). Table 7 shows Rsgream for 
the different flow conditions. 
Particle shape I a—V,A/f 	rn (a/s) Rsjyeam (mm) 
irregular 1.61E-05 0.3' 56 
irregular 4.22E-05 1 65 
irregular 6.13E-04 0.3 19.5 
irregular 1.14E-03 1 19 
spherical 1.91E-05 0.3 43 
spherical 5.37E-05 1 33 
spherical 6.58E-04 0.3 12.5 
soherical 2.78E-03 1 11.5 
Table 7 Outer stream radius Rsfrea,,, for different flow conditions 
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Figure 91 and Figure 92 show a rapid change in the air-velocity profile at a transversal 
location equal to Rsiream caused by a slower rate of decrease in the air-velocity outside the 
particle jet than inside the stream. The effect of the particle stream on the air velocity 
distribution appears to be stronger in the case of spherical particles. For a dilute stream of 
irregular particles, the velocity outside the particle stream decreases rapidly and reaches zero 
within a transversal distance from the jet centreline equal to about 2 RSfreQm. In the presence of 
spherical particles the decay in air velocity appears to be much slower particularly at high 
mass flow rates. As can be seen in Figure 92, the air velocity distributions diverge according 
to the particle shape for rn =1 g/s although retaining a similar profile. The flow exhibits a 
similar property in the case of dense streams of particles. Figure 93 and Figure 94 illustrate 
the mean air-velocity profiles for dense stream of irregular and spherical particles at rn =0.3 
g/s and m =1 g/s, respectively. Outside the particle stream (r/R sfream>l) it can be seen that the 
air-velocity decreases more rapidly in the presence of irregular particles than for spherical 
particles. This may be due to the fact that irregular particles tend to be larger than spherical 
particles for a given sieve diameter. Thus, the number of particles falling per unit time is 
lower in the case of irregular particles for a constant mass flow rate and accordingly the 
effect of particles on the air is reduced. As a consequence, the fluctuations induced by 
spherical particles on the continuous phase are larger than in the presence of irregular 
particles, especially for dense streams of particles. Stream-wise fluctuating velocities for the 
gas phase in the presence of dilute streams of particles are illustrated in Figure 95 and Figure 
96 for the lower and higher mass flow rates, respectively. 
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Stream-wise velocity fluctuations, w, due to self-induced motion are found to be much 
larger than cross-stream velocity fluctuations for all test conditions, suggesting a significant 
influence of the wakes behind the particles on the properties of the gas-phase. Figure 95 
shows that for a dilute stream of free falling particles, the particle shape does not influence 
the properties of the gas-phase. The profiles of stream-wise fluctuation component of air 
velocity w '1 in the presence of spherical or irregular particles is characterised by a high value 
in the centreline of the stream and lower values at the flow edges. With increasing loading, 
the fluctuation velocity shows different distribution for different particle shapes. In the 
presence of spherical particles, w 'j  distribution shows an almost uniform profile over the 
measuring section up to a distance from the stream centreline equal to Rstrea,,,. Although a 
change in the profile slope is noticeable at the edge of the particle stream, the profile is still 
affected by the presence of particles at a distance from the particle stream centreline 
?2Rs1ream . In the presence of irregular particles, Figure 96 reveals a much narrower effect of 
the particles on the fluctuation velocity profile. At the stream centreline, the fluctuation 
velocity shows the same values regardless of the particle shape of the streams. However, w 
decays much more rapidly in the case of irregular particles and is zero at ?2Rstream . An 
interesting feature of the profile in the presence of irregular particles is the bi-modal 
distribution, whereby the point of maximum fluctuation deviates from the stream centreline 
and the profile becomes concave. 
Figure 97 and Figure 98 show the air fluctuation velocity in the case of dense streams of 
particles at low and high mass flow rates. The air fluctuation velocity w in the presence of 
irregular particles is consistently lower than in the presence of spherical particles. A concave 
profile is developed with increasing loading for both irregular and spherical particles. 
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6.3 Turbulence generation 
The objective of this study was to investigate the properties of turbulence generation caused 
by streams of spherical and crushed glass beads falling freely in air. The dissipation of 
turbulence in particle-laden flow consists of two components: dissipation by the continuous 
phase and direct dissipation due to the interaction between particles and the gas-phase 
(Parthasarathy and Faeth, 1990). The instantaneous rate of dissipation per particle &,, is equal 
to the product of the drag force and the relative velocity: 
	
EP  = 37rvdp(1 + 6 Re 3 ) W 	 eq. 75 







Putnam's correlation has been chosen in order to compare the results attained in this 
investigation with experimental data available in the literature. The Reynolds number Re is 
based on the local relative velocity between the two phases Wr: 
WI_ = - WP 	 eq. 77 
The time-averaged dissipation per particle T P is given by two components. The first 
component is the dissipation due to mean drag CD and relative velocity Wr. The second 
component is the direct contribution of the particle to the dissipation of turbulence. The time-
averaged dissipation per particle is thus given by: 
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where Tr and Tr, 2  are the mean value and the variance of the relative velocity. 
Within the region where measurements were made, the mean velocities of the particles 
were as much as 10 times larger than the velocity fluctuations and the second term in eq. 78 
can be neglected. For the conditions considered in this study, the rate of dissipation of 
turbulent kinetic energy s can be equated to the rate of generation of turbulence by particles. 
The rate of generation of turbulence is equal to the rate of mechanical energy lost by the 
particles as they fall through the tank, yielding: 
/71 
e = n d CD Wr  
eq. 79 
where 11 is the particle number flux (particles/m 2s) and CD is the drag coefficient. 
Figure 99 shows the turbulent energy generation calculated using eq. 79 for both dilute 
and dense streams of particles. The generation of turbulence has been plotted as a function of 




For comparison purposes, Figure 99 also shows the results attained by Mizukami et al. 
(1992). The results reported in the figure refers to the authors' experiments with high flux of 
a dilute flow of 0.55 mm diameter particles falling through stagnant air and having particle 
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Figure 99 Turbulence generation as a function of particle spacing, spherical symbols refer to 
experimental spherical particle and triangular symbols to experimental irregular particles 
The results for turbulence generation due to the presence of spherical particles in these 
measurements yield a gradient similar to the fit line found in Mizukami et al. (1992) but the 
actual position has shifted away from Mizukami's data. The results for the generation of 
turbulence in the presence of irregular particles diverge significantly. At low particle 
spacing, corresponding to dense particle flow, the generation of turbulence due to irregular 
particles is slightly lower than the turbulent rate in the presence of spherical particles. The 
divergence appears to increase with increasing particle spacing, and thus decreasing volume 
fraction. This result seems to be consistent with the lower fluctuation induced by the 
presence irregular particles and could be related to the lower number of particles falling per 
unit time. The turbulence generation due to the presence of particles can be predicted by the 
following equations: 
e = 9 xl cr7 r p 2.955 	spherical particles 	 eq. 81 
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6=2x  i0 -8r3436 	irregular particles 	 eq. 82 
Equations 81 and 82 are valid only in the range of Reynolds numbers considered in these 
experiments and should be verified for different flow regimes. 
Temporal power spectra densities of stream-wise air velocity fluctuations in the 
presence of dilute streams of particles are plotted in Figure 100 and Figure 101. The spectra 
have been calculated at different stream-wise positions r/R, where R=100 mm is the 
maximum radial length of the measuring volume. In the presence of dilute streams of 
particles having low mass flow rate, the gas-phase turbulent spectra show appreciable energy 
signals at the low frequencies especially in the case of irregular particles. The spectra 
decrease with increasing radial distance from the stream centreline and are characterised by a 
decay different from the typical -5/3 slope. At higher mass flow rates, the energy content at 
the low frequencies increases and decays with a slope close to the turbulent prediction. 
The effect of particle shape on the energy spectra does not seem to be important in the 
presence of a dilute concentration of dispersed phase. The effect of shape however becomes 
evident when dense streams of particles fall freely in air. Figure 102 and Figure 103 show 
the gas-phase energy spectra in the presence of dense streams of particles at low and high 
mass flow rates, respectively. The energy spectra show similar trends at low mass flow rates 
regardless of the particle shape. At higher mass flow rates, however, the energy spectra in 
the stream centreline in the presence of irregular particles are significantly lower than in the 
presence of spherical particles. This is shown also in Figure 104 and Figure 105, where the 
gas-phase spectra in the presence of irregular particles are compared with the spectra in the 








1 E-6 - 
1..7 - 
Irregular particles 
0.1 Mass flow rate 0.3 g/s 
11 
- 











11  Was Ifluuiflhllll 
Figure 100 Temporal power spectral densities of stream-wise air velocity fluctuations in the 
presence of dilute streams of particles having low mass flow rate 
Spherical particles 
Mass flow rate 1 9/s 	
Irregular particles 
0.1 	 Mass flow rate 1 a/s 











0.01  I 	I i' liii 	1 	' 






lb ;;1hm;;ah I 	' all lii 
III 1111H111 1l111 . I 







- 	 : 
I 
•r 	 - I! 
u.uuinu...uin 	U 
I 	!_III!PJ,IIll. r1 9a 	 ilj 






ion~ma MIN, mm 11111
— 
..,,, 	 11111U111111 IIflhIIIL' 
frequency,
1 10 	100 1000 	 1 	110 	1;0 	1000 
frequency, Hz  
Chapter 6. Air-particle interaction 
Spherical particles 
Mass flow rate 0.3 g/s 
0.01 
1E-3, 





lull 	uIu!IIIII I 111119 	ufluIullI 
1 10 	100 1000 
frequency, Hz  
• -- 	11119 	 III 1111111  L_1 
















I IHI*IIuI!111111111 1110 
— 
t 
:;i . •• 
U 11111 
11111 11H - 11111 
Figure 101 Temporal power spectral densities of stream-wise air velocity fluctuations in the 
presence of dilute streams of particles having high mass flow rate 
- 153 - 
	
- i.ii.j -- I 11111111 	 I ........ III•uu•u 

































Chapter 6. Air-particle interaction 
Spherical particles 










1 	10 	100 	1000 
frequency, Hz 
Figure 102 Temporal power spectral densities of stream-wise air velocity fluctuations in the 
presence of dense streams of particles having low mass flow rate 
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Figure 103 Temporal power spectral densities of stream-wise air velocity fluctuations in the 
presence of dense streams of particles having high mass flow rate 
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6.4 Conclusions 
The gas-phase properties of dilute and dense particles-laden flows have been shown. The 
focus of this investigation was the mean and fluctuation air velocities produced by streams of 
free falling crushed beads and glass spheres. The specific configuration involved mean 
particle diameter of 300 1.Lm with corresponding Reynolds numbers in the range 22 to 75. 
The particle volume fraction was less than 0.001% for the dilute streams and 0.1% for the 
dense streams. 
The distribution of the mean stream-wise air velocity showed similar trends to the 
profile of the dispersed phase. Dilute streams of particles induced a flat stream-wise profile 
of air velocity, whilst dense streams of particles induced a more pronounced velocity 
distribution in the vicinity of the stream centreline. The air velocity showed a change in the 
profile's gradient at the edge of the particle stream in all configurations. The effect of the 
stream, however, appeared more persistent in the presence of spherical particles as the effect 
of the stream on the air velocity was still evident at a 3 times Rsgream distance from the stream 
centreline. This effect could be observed also on the r.m.s. fluctuation velocity distribution. 
Moreover, stream-wise velocity fluctuations were much larger than cross-stream velocity 
fluctuations for all test conditions, suggesting a significant influence of the wakes behind the 
particles on the properties of the gas-phase. 
The rate of turbulence generation was calculated and compared with results available in 
the literature. Good agreement with Mizukami et al. (1992) was found in the case of 
spherical particles. It was also found that the turbulent generation rate in the case of irregular 
particles decreases more rapidly with increasing loading than in the case of spherical 
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particles. Empirical correlations were proposed to predict the turbulent generation in the 
presence of irregular particles and in the presence of spherical particles for Re<80. 
Temporal spectra of the air turbulent energy indicated that the effect of the particle 
shape on the turbulent energy is dependent on the particle spacing. At low mass loading, the 
spectra are similar regardless of the shape of the particles. In the case of a dense stream of 
particles, however, the energy contents of the spectra are significantly higher at both low and 
high frequencies when spherical particles are dispersed in the flow. 
- 158 - 
Chapter 7. Conclusions 
7 Conclusions 
Research has been carried out over many years to characterise the behaviour of coal particles 
in a gas-solid flow. The bulk of research effort has been directed mainly at spherical particles 
and in some cases regular non-spherical particles, due to the obvious advantages both in 
experimental and numerical studies. However, coal particles are irregularly shaped and 
behave differently from spherical particles. Understanding the behaviour of real particles is 
necessary to assist the development of numerical modelling of complex gas-solid flow. 
Effective modelling is needed in order to improve efficiency and to control hazardous 
emissions, and for pulverised coal plants to remain competitive. 
This research study aimed to investigate the effect of particle shape and improve 
understanding the dynamic behaviour of streams of real particles. This research project 
therefore addressed the need to undertake more experimental work on gas-solid flow, which 
can be used to develop more comprehensive numerical models of coal combustion processes. 
The primary aim of this study was to investigate the dynamic behaviour of streams of 
irregular particles in free fall and the interaction between the solid phase and the gas phase. 
We wanted to quantify to what extent the particle shape affected the particle-particle 
interaction and air-particle interaction. The objectives included the evaluation of the terminal 
velocity profile of streams of irregular particles and the investigation of the effect of particle 
shape on turbulent energy content of the gas phase. 
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The research objectives were achieved mainly by performing extensive experimental work 
on free-falling streams of irregular and spherical particles by means of laser techniques. The 
particle-particle interaction of irregular particles in a free-falling stream was studied 
experimentally by using two-dimensional Particle Image Velocimetry (PIV), which 
produced information on the spatial distribution of particle velocity in the stream. 
Information on the temporal behaviour of the local particle velocity and particle velocity 
fluctuation was obtained by using three-dimensional Laser Doppler Anemometry (LDA). 
LDA measurements also permitted evaluation of the effect of the particle shape on the 
turbulent content of the gas phase. 
Particles used for the experiments consisted mainly of crushed glass beads and spherical 
glass beads having a density of 2590 kg/m 3 . Particle diameters ranged from 45 to 350 pm. 
Both irregular and spherical particles were sieved and classified into smaller diameter ranges 
by using commercial sieves. Microscope analysis of samples of irregular particles was 
performed in order to produce particle size distribution and statistical data for every particle 
diameter range. The particle sieve diameter was chosen as the characteristic parameter for 
both spherical and irregular particles. 
The experimental apparatus consisted of a settling tank 1 m x 1 m x 1 rn and experiments 
were performed under different flow regimes. 
7.1 Summary of results 
The overall results from this study indicate that particle shape matters. The degree of 
influence depends on a number of factors, including particle size, mass loading and particle 
concentration. The main results are summarised in the following: 
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Effect of shape: the terminal velocity of irregular particles was consistently lower than 
the velocity of spherical particles, especially for larger particles, demonstrating that 
shape matters. The RMS velocity fluctuation of irregular particles was similar to that of 
spherical particles for small particles and considerably higher than that of spherical 
particles for larger particles 
• Effect of the stream: the terminal velocity of spherical particles across the stream was 
significantly higher than the expected single particle velocity at the flow centreline and 
approached the single particle velocity at the edges of the stream, where the velocity was 
minimum. The largest difference between the velocity at the centreline and at the flow 
edges manifested itself in the stream of irregular particles, indicating a greater tendency 
towards roping behaviour for irregularly shaped particles. 
Effect of concentration: in the case of a dilute flow, the velocity profile exhibited a 
small velocity gradient between centreline and flow edges. In the case of a very dense 
flow, the velocity profile was very pronounced and showed a very steep gradient. An 
increase in mass load also yielded a reduction in the radius at which significant drop of 
particle velocity from the centreline value occurred in the case of irregular particles and 
a more homogenously distributed velocity across the stream of spherical particles. 
• Effect of mass flow rate: irregular particles tended to flow less easily than spherical 
particles. An empirical correlation was proposed to predict the mass flow rate as a 
function of the orifice diameter in regimes characterised by particle Reynolds number 
4<Re,,<80: 
S 	 - 
m=O.l36pb(D—O.6l' 	2.35[ sieve I 
For particle diameters between 106 and 180 mm (4<Re<Z18), the particle velocity 
evolved into a bimodal velocity profile at higher mass flow rate, whereby the velocity 
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profiles showed two peaks in the vicinity of the flow centreline and lower values at the 
centreline. This was achieved by irregular particles at lower Reynolds number than 
spherical particles. 
Drag coefficient: the drag coefficient of irregular particles was consistently higher than 
the drag of spherical particles. At Re5, the drag coefficient of irregular particles 
showed a transition regime and subsequent vortex separation at lower Reynolds than 
spherical particles. 
Air-velocity: Stream-wise velocity fluctuations were larger than cross-stream velocity 
fluctuations for all test conditions, suggesting a significant influence of the wakes behind 
the particles on the properties of the gas-phase. The stream-wise velocity profile of the 
gas-phase replicated the profile of the dispersed phase. The velocity was higher at the 
stream centreline and gradually decreased at the stream outflow. Dilute streams of 
particles induced a flat radial profile of air velocity, whilst dense streams of particles 
induced a more pronounced velocity distribution in the vicinity of the stream centreline. 
The air velocity showed a change in the profile's gradient at the edge of the particle 
stream in all configurations. The effect of the stream, however, appeared to be more 
persistent in the presence of spherical particles, causing a much slower decay in air 
velocity particularly at high mass flow rates. 
Turbulence generation: the generation of turbulence in the presence of irregular 
particles was lower than the turbulent rate in the presence of spherical particles. This 
divergence appeared to increase with increasing particle spacing, and thus decreasing 
volume fraction. Empirical correlations were proposed to predict the turbulent 
generation in the presence of irregular particles and in the presence of spherical particles 
for Re<80. Temporal spectra of the air turbulent energy indicated that the effect of the 
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particle shape on the turbulent energy is dependent on the particle spacing. At low mass 
loading, the spectra are similar regardless of the shape of the particles. In the case of a 
dense stream of particles, however, the energy contents of the spectra are significantly 
higher at both low and high frequencies when spherical particles are dispersed in the 
flow. 
7.2 Recommendations for future work 
As with many studies of particle-laden flows, this work has perhaps posed more questions 
about the nature of particle dynamic behavior in gas-solid flow than it has answered. 
However results from this work indicate the importance of particle shape in gas-solid flow, 
which need to be investigated further. Recommendations for future research in this field are 
posed in the following. 
Although it was possible to measure particle terminal velocities in auto-correlation, the 
PIV technique was unable to resolve the flow very near a particle. Measurements with higher 
resolution PlY or Particle Tracking Velocimetry (PTV) would offer the possibility of 
directly measuring velocities in the perturbation field of a particle. Such measurements may 
determine if the work done on the particle by the fluid drag is dissipated quickly near the 
particle or whether velocity fluctuations are created and increase the values of the gas-phase 
turbulent kinetic energy near the particle. Whilst highly resolved numerical simulation 
techniques are currently' being employed to investigate the flow around a particle, only 
experimental data might include effects of particle shape on wake interaction between two 
neighboring particles and on two-way coupling between the particles and the fluid. 
The development of PlY as a means for acquiring velocity field data in particle-laden 
flows offers numerous avenues for further investigation of particle-laden flow in the 
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presence of arbitrarily shaped particles. The two greatest limitations of the technique 
employed in the current study, measurement accuracy and lack of a third velocity 
component, can be remedied by using more up-to date PIV systems. As digital camera 
technology and Ply algorithms become more sophisticated, the accuracy of the PIV 
technique should approach the level attained, by LDA. Advances in stereographic and 3-D 
Ply may provide a means to truly measure the full velocity field around a single particle and 
arrays of particles even in very complex systems such as turbulent flows. These technologies 
should be applied to many types of particle-laden flow with the goal of creating a database of 
more comprehensive and perhaps realistic information that can be used to validate numerical 
simulation and assist the design of coal-fired power plants. 
The experimental investigation reported here focused on one' type of particle solely. The 
effect of particle density on streams of irregular particles was not explored. Further work 
should be undertaken to investigate the effect of particle shape on streams of particles of 
different densities. The results obtained during this research project refers to free falling and 
are therefore limited to low Reynolds number (3<Re<80) and unconfined flow. Further work 
is needed to evaluate the behaviour of irregular particles at high Reynolds number and in 
fully developed turbulent flows. Moreover, additional work should include the investigation 
of the particle shape on wall collision in wall-confined flow, such as gas-solid flow in 
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Figure 123 Particle size distribution for spherical particles with diameter d=125 to 150 pm 
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Figure 125 Cumulative distribution for spherical particles with diameter d=125 to 150 pm 
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Figure 127 Particle size distribution for spherical particles with diameter d=150 to 180 gm 
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Figure 129 Cumulative distribution for spherical; particles with diameter d=150 to 180 gm 
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Figure 132 133 Particle size distribution for spherical particles with diameter d=250 to 350 J.Lm 
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Figure 135 Cumulative distribution for irregular particles with diameter d=250 to 350 pm 
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Figure 136 Stream-wise vertical velocity for free falling irregular and spherical particles with 
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Figure 137 Stream-wise vertical velocity for free falling irregular and spherical particles with 
diameter d 75 to 90 i m. Full symbols refer to stream centreline, hollow symbols refer to stream 
edges 
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Figure 138 Stream-wise vertical velocity for free falling irregular and spherical particles with 
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Figure 139 Stream-wise vertical velocity for free falling irregular and spherical particles with 
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Figure 140 Stream-wise vertical velocity for free falling irregular and spherical particles with 
diameter d 125 to 150 lam. Full symbols refer to stream centreline, hollow symbols refer to stream 
edges 
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Figure 141 Stream-wise vertical velocity for free falling irregular and spherical particles with 
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Figure 142 Stream-wise vertical velocity for free falling irregular and spherical particles with 
diameter d, 200 to 250 tm. Full symbols refer to stream centreline, hollow symbols refer to stream 
edges 
Figure 143 Stream-wise vertical velocity for free falling irregular and spherical particles with 
diameter dp 250 to 350 lum. Full symbols refer to stream centreline, hollow symbols refer to 
stream edges 
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Figure 145 Radial distribution of terminal velocity of irregular particles 
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Figure 146 Radial distribution of terminal velocity of particles with diameter range of 45 to 
75 pm 
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Figure 147 Radial distribution of terminal velocity of particles with diameter range of 75 to 
90 Pm 
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Figure 149 Radial distribution of terminal velocity of particles with diameter range of 106 to 
125 gm 
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Figure 151 Radial distribution of terminal velocity of particles with diameter range of 150 to 
180 pm 
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Figure 153 Radial distribution of terminal velocity of particles with diameter range of 250 to 
350 jam 
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Figure 154 Empirical and experimental mass flow rate of stream of particle with diameter 
d=60 pm as a function of the hopper orifice diameter 
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Figure 155 Empirical and experimental mass flow, rate of stream of particle with diameter 
































Figure 156 Empirical and experimental mass flow rate of stream of particle with diameter 
d=98 p.m as a function of the hopper orifice diameter 
iLl 
Beverloo et al. (1961) 












Figure 157 Empirical and experimental mass flow rate of stream of particle with diameter 
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Figure 158 Empirical and experimental mass flow rate of stream of particle with diameter 
d=137.5 gm as a function of the hopper orifice diameter 






Figure 159 Empirical and experimental mass flow rate of stream of particle with diameter 



































Figure 160 Empirical and experimental mass flow rate of stream of particle with diameter 










Figure 161 Empirical and experimental mass flow rate of stream of particle with diameter 
=300 Lm as a function of the hopper orifice diameter 
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Figure 162 Cumulative particle count for dilute streams of particles of diameter 300 l.Lm 
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Figure 163 Cumulative particle count for dense streams of particles of diameter 300 pm 
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